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By Melina A. Huey 
 




The bZIP transcription factors make up a family of long α-helical proteins that dimerize 
based on a pattern of hydrophobic residues and bind to DNA through a region of basic residues. 
Because binding specificity is a particular topic of interest, the dimerization interaction is 
attractive as a possible candidate to better understand protein quaternary structure.  Use of the 
Knob-Socket (KS) model for determination of packing structure provides a novel approach to 
analyze protein-protein interactions. A KS analysis of the protein-protein interface provides 
unique insight into the specificity of the classical leucine zipper pseudo-7mer repeat. From an 
analysis of the KS packing maps, this research provides evidence of a general framework for 
defining the specificity between coiled-coils.  The KS maps show how hydrophobic specificity is 
defined in the coiled-coil interface, where knobs are centralized in the middle of the socket 
packing, while the peripheral socket residues are hydrophilic.  Based on this KS analysis, the KS 
model will be used to design proteins that mimic the leucine zipper region of bZIP proteins.  The 
proteins will be purified into E. coli and its 2º structure will be confirmed through circular 
dichroism.  Binding specificity will be studied through mutations of the designed proteins and 
compared using the BACTH (bacterial adenylate cyclase two-hybrid) system.   
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CHAPTER 1: INTRODUCTION 
 
 Lower order protein structure is well-understood unlike higher order protein structure.  A 
key factor to understand higher order protein structure, specifically 4º structure, is to better 
understand the nature of their interactions.  Protein-protein interactions are defined as a physical 
binding between separate proteins held together by residue contacts.1-3  These contacts have been 
found to be a combination of hydrophobic, charge-charge, van der Waals interactions and 
hydrogen bonding.4, 5  As a further complication, the induced fit model shows that 
conformational changes occur upon protein-protein interactions.6  Still, the determinants of 
specificity for protein-protein recognition is not yet well understood. 
 In 4° protein structure, specificity is defined as a protein’s preferred recognition of 
another protein over another. Computationally designing 4° specificity in proteins has remained 
a challenge due to the inability to identify the residue determinants of specificity.7, 8  In 
conjunction with specificity between two proteins, there is also the binding strength or affinity 
between the two molecules. Affinity, in terms of protein interactions, can be defined as a 
quantitative measure of attraction of one protein to another.  So, specificity is an attenuation of 
affinity.9 Protein 4° interactions can therefore be thought of as a range of specificity and affinity 
levels, where different levels of specificity and affinity are integral to the function at the 4° level 
for a protein. One example of high specificity and high affinity are antibodies that need to 
recognize a specific target and remain bound. Most protein 4° interactions are involved in 
transient signal transduction and so must be specific, but not high affinity. Due to the small 
amount of information regarding protein binding, one must understand quantifiable affinities and 
specificities to extend computational investigation.10-12 
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Theories of Quaternary Protein Binding 
 From the diversity of proteins found in nature, a number of hypothesis behind quaternary 
protein binding have been proposed.  Fundamentally, all binding theories consider the driving 
force to be the chemistry of the amino acids and the binding can be described by hierarchical 
level s of protein structure.  Therefore, describing protein binding or 4° structure requires an 
understanding of 1º sequence, 2º patterns, and 3º packing.13  Discussion of 4° binding theories 
range from investigations of specificity and affinity, conformational changes, hot spots, and 
sequence motifs. 
 For investigations of specificity and affinity, the forces determining specificity and 
affinity are a combination of the well-known electrostatic interactions, hydrophobic packing, and 
hydrogen bonding.  In addition to these attractive interactions, protein binding is influence by the 
shape of the target as well as conformational flexibility. Typically, low specificity results in a 
low affinity and can occur due to the broadness of conformational binding energy.  When dealing 
with proteins as drug candidates, high specificity is necessary.  Low specificity implies the drug 
affects more than the intended target, which results in unwanted side effects and potentially high 
toxicity.12  Currently, computational optimization of protein specificity and affinity for a specific 
target is difficult to achieve. Models need to be improved with an emphasis on understanding the 
affinity of naturally occurring proteins and taking into account the binding specificities within 
different families of proteins.14, 15 
 Another important concept in protein recognition are hot spots.  Investigation of proteins 
interfaces shows that there is a small cluster of residues thought to be the determinants of 
dimerization.  Hot spots were found in many disease-causing variations of proteins, while 
proteins without this subset of residues had no disease-causing functions.  They were discovered 
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through large changes in binding free energy.  These energy differences were associated with 
particular residues: tryptophan, arginine and tyrosine, that were found in the dimerization 
interface.  Targeting the particular hot spot residues resulted in the interruption of protein-protein 
interactions, thus providing a methodology for drug-targeting.16, 17  Two approaches were taken: 
one where the hot spot is identified based on its amino acid composition and one where a change 
is monitored upon residue mutation.  Changes in the kinetics of binding are measure upon serial 
mutation of residues to alanine, commonly called alanine scanning.  Alanine scanning mutates a 
residue of interest to an alanine and the change in binding energy is calculated from the change 
in kinetics.  A significant change to the binding energy indicates that a hot spot has been 
identified.18-21 
 Protein quaternary interactions also involve conformational changes upon binding 
between proteins.  Attraction between proteins does not exist throughout the entirety of the 
protein, but rather in specific domains.  For protein binding to occur, complementary regions 
come into contact resulting in a conformation change.  The conformation change allows for 
stabilizations between the interacting proteins known as the induced fit model.  Induced fit is 
unlike the lock and key model, where a single residue from a 2º structure can only have a single 
perfect fit into a cavity of another protein.22-24  Interaction of different segments rather than the 
entire protein allows for flexibility in quaternary binding and is believed to contribute to 
specificity.  Yet, immense flexibility may result in an obstruction of integrity of the structure.25  
Flexibility and conformational changes have been observed through the use of FRET, NMR and 
x-ray crystallography.26-28  Molecular dynamic simulations of protein interactions permits 
computational identification of the pathway of quaternary protein binding.  Computationally, the 
simulations have a limitation to sample all possible docking conformations.29, 30 
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 The classic coiled-coils between 2 protein -helices are a specific, well-studied subset of 
protein quaternary interactions. The basic leucine zipper (bZIP) family of proteins use the coiled-
coil motif to dimerize, which provided the basis of the research done in this project.  A knob-
socket analysis was performed on the bZIP dimerization region. More specifically, the presence 
of an asparagine in the coiled-coil heptad repeat binding region was identified as contributing to 
partner specificity.31-34  The positions of heptad repeat pattern are labeled consecutively as a 
through g.  Each residue position consists of a particular type of amino acid. The a and d 
positions typically contain a hydrophobic residue that packs across as a quaternary interaction in 
the dimer interface.  The presence and placement of these hydrophobic residues create the 
binding region also known as the hydrophobic seam.35-39  Surprisingly, this asparagine occurred 
repeatedly at only the a position of the coiled-coil heptad repeat to promote dimer specificity.  
Understanding how the asparagine at the a position contribute as well as the contribution of the 
other heptad repeat positions to dimerization specificity is the main goal of this work. Our 
approach is to use the knob-socket model to relate the sequence determinants to quaternary 
packing preferences.  
Coiled-Coil Binding Theories 
 A class of proteins known as coiled-coils contain a particular quaternary structure motif 
found between -helices.  While the motif describes up to 7 -helical proteins wrapped together, 
the simplest occurs in a parallel -helical dimer.40 The basic leucine zipper (bZIP) protein family 
is a major subset of coiled-coils.  bZIP proteins function as transcription factors that play roles in 
cancer, epithelial tissues, and reproductive functions.  These functions are determined based on 
the two regions of the bZIP protein: the coiled-coil leucine zipper and DNA binding region.41-47  
The well-known bZIP protein families of Fos and Jun both act as transcription factors.48, 49  
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When c-Fos and c-Jun heterodimerize, an activator protein-1 complex forms and the controls 
many functions in a cell.  Overexpression of these activators can cause cancer to manifest the 
body.50  Although the DNA binding region contributes a major role to function, studies in this 
project will only be focused on the protein dimerization region.   
 The leucine zipper is the coiled-coil dimerization motif of bZIP proteins.52 Coiled-coils 
have a pseudo repetitive 7 residue pattern known as the heptad repeat, labeled abcdefg.7, 37, 38  At 
each of these residues of the heptad repeat is a characteristic type of amino acid. Leucine 
zipper’s characteristic name comes from the presence of a leucine at almost every 7th residue 
within the binding region, specifically at the d position in the pseudo-heptad repeat.35, 36  A 
simplistic way to describe the pattern is hpphppp, where h represents hydrophobic amino acids 
and p represents polar amino acids.  The presence of the hydrophobic residues at the a and d 
positions forms the hydrophobic seam, where quaternary packing occurs between helices. 
Therefore, the residues at a and d positions pack across into the dimer interface.   The residues 
residing next to the hydrophobic seam are the e and g positions.  These positions act to stabilize 
the intrahelical and interhelical bonds through salt-bridging.39, 53, 54  Finally, the residues b, c, and 
f do not contribute to the binding region of the protein, but instead act as part the helix that keeps 
the protein solvated and modulate stability.  In other words, the b, c, and f residues stabilize the 
helix in solution, yet do not directly contribute to any additional oligomer states of the protein.  
In this way, the b, c, and f residues act as negative binding space to insure proper coiled-coil 
quaternary structure.53, 55   
 An alteration to the hydrophobicity of a and d positions in the pseudo-heptad repeat is the 
presence of an asparagine at the a position at least once throughout the bZIP sequence.  The 
presence of the asparagine is believed to determine the specificity of coiled-coils.  Although the 
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asparagine destabilizes to the helix dimerization, the asparagine residue contributes to protein 
specificity. Because asparagine residues are only able to interact with one another across the 
dimer interface and not with hydrophobic residues, such as leucine, isoleucine, valine and 
alanine, the polar residues provide specificity and determine the register of dimer interaction.  
Therefore, the presence of an asparagine not only specifies which proteins to bind to one another, 
but also the position of the asparagine plays a key role in determining the register or structure of 
the interface.31-34, 56-58  While asparagines are important to coiled-coil specificity, there are cases 
where proteins with asparagines in the same position do not able to dimerize. So, there is more to 
learn about what determines specificity in coiled-coils.  This work delves into further analysis of 
the determinants of coiled-coil specificity.  The control of specificity can lead to new drug 
targeting methods. 
Experimental Investigation of Coiled-Coil Specificity 
 Previous research has been done to understand the rational of coiled-coil binding.  An 
extensive study of bZIP coiled-coil specificity was performed by the Keating lab. Their group 
completed a massive array of coiled-coils found in humans and yeast.  The results provide a 
comprehensive interaction map of bZIP sequences, yet the analysis did not identify the 
determinants of coiled-coil specificity  with certain families of coiled-coils.59   
 From this study, human bZIP proteins from different interaction families were chosen: 
cJun, p21SNFT and CREB4.  All the proteins were able to homodimerize but heterodimerization 
only occurred between cJun and p21SNFT.  The position and register of the asparagine in the 
pseudo-heptad repeats seemed to be the major factor behind dimerization specificity of the 
helices.  The cJun and p21SNFT sequences had asparagines at the a3 position, while CREB4 had 
asparagines at the a3 and a5 position.  Although, the a3 position was common for all three 
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proteins sequences, the presence of the a5 in combination did not allow CREB4 to 
heterodimerize with cJun of p21SNFT.  The main goal of the project was to change the 
sequences to allow heterodimerization. The hypothesis was that the dimerization specificity 
could be controlled by addition and/or removal of an asparagine.   
 In comparison to the Keating project, the assay used to assess protein interactions was 
changed.  A fluorescent protein array was used in the Keating project, which is good for testing 
direct interactions with a quantifiable measurement.59  Other widely used techniques for 
detecting protein-protein interactions are tandem affinity purification -mass spectroscopy (TAP-
MS), coimmunoprecipitation, microarrays, x-ray crystallography, nuclear magnetic resonance 
(NMR) and 2-hybrid assays.60  The use of mass spectroscopy, x-ray crystallography and NMR 
have been the standard throughout the biological and chemical fields. However, they are time 
consuming and require special and expensive instrumentation. 
 Quantifiable measurements were not needed for the purpose of our study where the main 
goal was to test whether an interaction was occurring or not.  An assay that would work for our 
needs was the bacterial adenylate cyclase two-hybrid (BACTH) assay.  Like the assay used by 
Keating, BACTH is widely used for protein-protein interactions.61  Prior to running the actual 
assay, the BACTH system provides a useful screening and selection process.  The gene of 
interest is integrated into an Escherichia coli cya- strain fused to T18 and T25 domains of 
adenylate cyclase, respectively.  Indirect dimerization is measure when the two domains are 
brought together and they process a signal provided by 3’, 5’-monophosphate (cAMP).  When 
dimerization reconstitutes the T18 and T25 domains of adenylate cyclase, cAMP is created.  The 
cAMP interacts with catabolite activator proteins (CAP) and the cAMP/CAP complex forms.  
The complex binds to the lactose and maltose catabolic operons which allows for detection.61-64 
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 The screening, selection and assessment done with the BACTH assay provided the same 
dimerization results between the bZIP proteins as seen in the Keating paper.  Mutations were 
made to create and remove specificity among the bZIP proteins.  The results obtained were as 
expected except for 1 discrepancy.  When mutating out the asparagine at the a5 position of 
CREB4, homodimerization was no longer found.  Further analysis was done using the Knob-
Socket (KS) model.  This investigation would not have been completed through the use of other 
models such as knob-into-holes and the helical wheel.  Unlike previous models, the KS model 
allows for analysis of both intra- and interhelical packing.65, 66  While knob-into-holes has many 
resemblances to the KS model, it lacks the ability to be generalized and has not provided a 
mapping of the coiled-coil dimerization interface.67, 68  The helical wheel is widely used to map 
dimer interactions, but it is limited to identification of only pairwise packing of residues.69, 70 The 
further analysis proved that the asparagine register is a major determinant of bZIP protein family 
interactions. 
 Showing that specificity can be controlled in naturally occurring bZIP proteins raises the 
question if a de novo designed protein can show the same.  The ability to design proteins and 
control their binding specificity enables scientists to create drugs that bind to targets.  Through 
the use of the KS model, analysis and design of coiled-coils is straightforward.  KS lattices were 
used as a template to design protein sequence with expected specificities.  Three leucine zipper 
sequences were created to identify the amino acid contributions to coiled-coil specificity.  
Mutations were made to test if the location of asparagines was important and to test if the 
residues other than an asparagine at the a position impacts specificity and binding. 
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The Knob-Socket Model 
 Previous models of protein packing are only able to describe interhelical packing.  The 
Knob-Socket (KS) model on the other hand is able to describe both interhelical packing and 
intrahelical packing.  Therefore, the KS model provides a representation that relates all the levels 
of protein structure including packing interactions in a simplified projection of 3-dimensional 
(3D) relationship of residues into a 2-dimensional map.65  The KS model was developed  using 
Voronoi polyhedra and Delaunay tessellations65, 71 to define atom contacts. As computational 
geometry constructions, Voronoi polyhedra and Delaunay tessellations are duals of each other 
that identify nearest neighbors’ points in 3D space.  Voronoi polyhedral specifically defines 
boundaries and volumes around points, while Delaunay tessellations define nearest neighbors.71-
74  From these analyses, packing relationships between amino acid residues were used to create a 
contact graph. Cliques of residues, which is a group of residues all contacting each other, were 
distinguished from these graphs.  The most prevalent cliques size consisted of 3 and 4 residues, 
and analysis of the residue contact order within cliques helped to define the cliques that defined 
residue packing at different levels of protein structure.  The 3-residue packing clique created a 
socket of local residues that defined secondary structure packing. The 4-residue clique included 
the 3-residue socket from 1 secondary structure with the packing of another residue or knob from 
a different secondary structure element. This tetrahedral knob-socket motif describes the tertiary 
and quaternary packing between secondary structure elements.65, 66, 75, 76   
 The Knob-Socket  motif is comprised of a “knob” and a “socket.”  The knob and socket 
reside on 2 separate 2º structures, regardless of whether it is an -helix, -sheet or random coil.  
Knobs are a single residue from a single 2º structure that packs into a 3-residue socket of another 
2º structure.  2 different KS motifs were discovered among 2º structures.  The first being XY:H + 
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B, where the XY:H residues encompasses the socket.  X and Y represented neighboring, 
covalently bonded amino acids. The third residue H is hydrogen bonded to the X residue and 
only packs with the Y residue, where the “:” indicates the hydrogen bond.  B represents the knob 
that packs in the previously described socket.  The described socket is found among regular 
secondary structure sockets from -helices and -sheets.  The second type of socket is found in 
the irregular secondary structure called random coil. In this case, the socket is formed by 3 
consecutive or semi-consecutive residues denoted XYZ. The XYZ socket alone indicates local 
packing structure for coil, while the socket packing with a knob B (XYZ+B) from another 
secondary structure indicates packing between the random coil and the other secondary structure 
element (Figure 1).65, 66, 75, 76 In addition, there are occasions when a knob residue B packs into 
multiple contiguous sockets.  These contiguous sockets are then said to form a pocket packing 
around the knob residue B. Since a pocket is defined as 2 or 3 contiguous sockets, the knob B 
residues packing into a pocket that consists of 4 or 5 residues rather than 3.66 
Knobs and sockets provide a clear representation of 3º packing in proteins.  Mapping the 
knobs from one segment of 2º structure that packs into a socket of another segment of 2º 
structure reveals noteworthy patterns of residue packing.  Collectively, the KS model is able to 
construct canonical packing maps showing interactions between 2º structures (Figure 2). 65, 76 In 
other words, the clear packing relationship between secondary structure elements can be better 
understood and characterized.  Previous models of packing are limited to describing only certain 
interactions, whereas the KS model is generalizable to all packing in proteins.  The KS model 
also highlights the importance of sockets that are not packed or their importance in the intrinsic 
packing of 2° structure.  Furthermore, the KS model is easily applied to packing at the 4° level 
between proteins.  
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Figure 1.  The Knob-Socket Model.  The figure is split into 2 portions. The left side denotes the 
sockets found in -helices and -sheets, while the right side are sockets from irregular turn and 
coils structures. All residues interact with each other via van der Waals packing; however, 
certain residue pairs have certain unique bonding in addition to packing. Residue pairs with only 
van der Waals packing are shown in broken black lines. Pairs with covalent bonds in addition are 
shown in solid black lines. Pairs involved in a hydrogen bond and packing are represented by a 
broken red line. (A) The Knob-Socket tetrahedral hydrogen bonded packing clique. The XY:H 
socket from one 2º structure interacting with a knob B residue from another 2º structure. The 
bonds holding together the socket are a covalent bond (solid black line), a van der Waals (broken 
black line) and a hydrogen bond (broken red line).  (B) A 3D representation of KS packing of a 
Val knob from a coil with a XY:H socket of an -helix, consisting of Asn, Val, and Lys, 
respectively.  (C) The KS tetrahedral packing clique of irregular 2º structures. The knob B 
residue from a single 2º structure packs with a covalent XYZ socket from another secondary 
structure, where the interactions are all van der Waals (broken black lines).  The covalent XYZ 
socket van der Waals interactions only between residues X and Z (broken black line) and 
covalent bonds (solid black line) between residues X and Y as well as Y and Z.  (D) A 3D 
representation of KS packing of a knob from a helix into a socket of an irregular 2º structure.  (E) 
A close-up representation of a XY:H socket on a helix.  From this representation it can be seen 
that X and Y are i+1 in sequence and X and H are i+4 apart in sequence.  (F) A close-up 
representation of an XY:H socket of a -sheet.  From this representation, X and Y are i+2 
residues apart.  This differs from -helices due to -sheets alternating residue arrangements.  X 
and H resides come from different -sheet strands, so their sequence separation is variable.  (G) 




Figure 2.  Packing surface topology maps and canonical packing.  In all of the maps, filled 
sockets are in gray and free sockets are in white.  (A) The repetitive nature of 2º structures allows 
for easy denotation through the use of lattices, -helix (green) and -sheet (purple).  (B) 
Canonical packing of 2 parallel -helices.  Left-handed parallel coiled-coil pattern of helix 
packing with crossing angles of 25º.  Knobs from the other -helix are shown by circles.  (C) 
Canonical -sheet packing at parallel -30º and anti-parallel 150º crossing angles.  (D) Canonical 
-helix/-sheet packing at -35º and 140º anti-parallel. 
 
The KS model reveals the amino acid composition of sockets that favors residue packing.  
The KS model defines packing between and within secondary structure as filled sockets (a knob 
into a socket) and free sockets (no knob), respectively.  Propensity and patterns for filled and free 
sockets were discovered by analyzing files from the protein data bank (PDB).  For example, the 
propensities for the 8,000 possible 3 residue helical sockets were determined and the sockets 
with top 20 propensities are shown in Figure 3B.  The amino acid composition of the highest 
propensity sockets filled with a knob are AL:V, AI:L and AL:L: these sockets have a high 
tendency to be filled while rarely being free.  Typically, when a socket is composed of 2 or more 
hydrophobic amino acids, the socket is a filled socket.  One feature not shown in Figure 3 is the 
propensity of a particular residue knob packing into a particular socket.  Followed by the top  





Figure 3.  Sequence specificity of structure.  (A) The filled (top) and free (bottom) types of 
regular 2º structure XY:H sockets are shown by examples from protein structure (left), reduced 
ball representation (middle) and 2D mapping triangles (right).  Filled sockets indicate 3º packing 
interactions between 2 elements of 2º structure: a knob B residue from 1 and a 3 residue XY:H 
socket from another.  In 2D, the triangles are grayed to indicate packing.  Free sockets disfavor 
packing with knob residues and indicate only 2º structure packing between the XY:H socket 
residues.  In 2D, these are left white or unfilled to show no packing.  (B) Socket composition 
relates sequence preferences to structural arrangement.  The propensity (frequency of socket 
composition normalized against amino acid prevalence) is shown for filled, free and disfavored 
sockets in -helices.  The top 2 histograms reveal that certain residue combinations favor filled 
sockets, while others prefer free sockets.  The bottom histogram shows low-propensity (<20 
counts out of ~800,000) socket compositions not containing glycine (Gly) or proline (Pro).  
These are considered disfavored or non-socket combinations. 
 
filled sockets, the amino acid composition of the top free sockets are AE:K, EE:K, EK:R.  A 
commonality in free sockets is the presence of 2 or more charged or polar residues.  Filled and 
free sockets are not the only subcategories of sockets that can be found.  There are also those 
sockets that are do not favor filled or free sockets, instead exist evenly as both depending on the 
surrounding environment of that socket, denoted as the non-packing.  The non-packing sockets 
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are found in the negative space region of a helix.  Overall, the KS model is able to correlate 
structure with protein sequence. 
 Previous models depicting coiled-coils only allowed a limited visualization of the 
hydrophobic seam.  By using the KS model, all residues interactions involved in the coiled-coil 
can be depicted and considered.  This is shown through the interactions of coiled-coils confirmed 
through x-ray crystallography (Figure 4).  The coiled-coil residues at positions in the 
hydrophobic binding seam have been highlighted.  Residue names have been removed and 
replaced by their position within the pseudo heptad repeat on its respective 2º structure.  This 
was done to highlight the significance of the different positions.  Each knob residue from the 
other 2º structure is shown packing into its respective socket/pocket the helical lattice using KS 
model.  Figure 4 depicts 3 different packing scenarios across coiled-coil for the typical residues 
found in the hydrophobic seam, where the heptad repeat a and d regions are knob residues.  The 
d position typically contains a leucine and the e and g positions usually are polar residues.  In 
contrast, the a residue is commonly a small hydrophobic residue, but significantly, this residue is 
an asparagine.  The first picture on the right-hand side represents when an asparagine is present 
in an a position.  Every time an asparagine is at the a position it packs into the corresponding 
region of another 2º structure also containing an asparagine.  Understanding the relationship of 
affinity as an attenuation of specificity can be better understood when looking at the crystal 
structures.  Asparagines are not usually known to be of great contribution to the stability of a 
helix however, when looking at the crystal structure, Figure 4.a, the asparagine binds inward 
toward the socket and is clearly a good fit.  Not only does the a residue act as a knob for binding 
so does the d residue (Figure 4.b).  The last part of the figure is showing what the tetrahedral 





Figure 4.  a and d position packing in coiled-coils.  Highlighted are the residues involved in the 
hydrophobic seam binding of coiled-coils.  The knob residue resides on the blue strand while the 
socket/pocket resides on the gold strand.  (A) The binding shown here is an asparagine is found 
at the a position, acting as a knob, packing into a socket also containing an asparagine.  The 
other residues in the pocket are typical residues found at the particular placement in the heptad.  
(B) The binding shown here is a leucine found at the d position, acting as a knob.  The other 
residues in the pocket are typical residues found at the particular placement in the heptad.  (C) 
The binding shown here is a leucine found at the a position, acting as a knob.  The other residues 
in the pocket are typical residues found at the particular placement in the heptad. 
 
KS model is used to depict the heptad repeat of coiled-coils (Figure 5).  Interhelical and 
intrahelical interactions are shown.  The different -helices are color coded to show where the 
knob’s origin is.  This figure highlights the KS model’s ability to show inter- and intrahelical 
packing.  The use of the KS model allows a complete assessment of the interactions involved in 
the hydrophobic seam, such that the residues involved in affinity as well as specificity can be 
identified.  Specificity will be looked at in terms of all residues within the heptad repeat rather 










Figure 5.  KS lattice depicting the coiled-coil heptad repeat.  The white regions of the lattice 
indicate free sockets while the gray sockets represent filled sockets.  These helical lattices are 
generalized to show the specific residues in the coiled-coil pseudo heptad repeat contribute to 
binding in the hydrophobic seam. It is to be expected that bZIP proteins will differ from this 
generalized model.  The benefits of this lattice in comparison to other models is that ability to 
show intra- and interhelical packing.  Intrahelical packing is shown through the lines found 
within the lattice by the covalent (solid black lines), van der Waals (broken black lines) and 
hydrogen bonding (broken red lines).  Interhelical packing is shown through the circles 
containing specific location of knobs packing from another helix.  This is denoted through the 












































































































CHAPTER 2: MATERIALS AND METHODS 
 
Design and Stability of de novo bZIP Proteins 
Zipper1, Zipper2 and Zipper3 Constructs 
 The sequences of Zipper1, Zipper2, and Zipper3 were designed de novo to mimic the 
patterns of helical coiled-coil binding of bZIP proteins found in nature.  The sequences of 
Zipper1, Zipper2, and Zipper3 were synthesized (GenScript) and cloned into a pET24a(+) 
plasmid.  Each plasmid contained a C-terminal 6X histidine tag and restriction enzyme sites, N-
terminal BamHI and C-terminal EcoRI.  Following the sequence was an engineered stop codon.  
The amino acid sequence for each zipper sequence was reverse translated and codon optimized.  
Once cloned, the constructs were confirmed through sequencing (Sequetech).  The nucleotide 
and amino acid sequences for each zipper sequence are shown below in Tables 1, S2 and S3, 
while the plasmid maps for each are shown in Figures 6, S6 and S12. 
 
Table 1 
Nucleotide and Amino Acid Sequences of Zipper1.  Highlighted in yellow are the restriction 
enzyme sites.  Not highlighted is the sequence of the gene.  Highlighted in purple is the 6X His 
tag.  Highlighted in green is the stop codon. 
 
Zipper1 Construct Sequences 










Figure 6.  Zipper1 pET24a(+) plasmid map.  The plasmid contains the Zipper1-6X His sequence 
flanked by the restriction enzyme sites BamHI and EcoRI.  The gene is preceded by a T7 
promotor.  The plasmid contains a kanamycin resistance. 
 
Large Scale Induction and Protein Purification 
 Zipper1, Zipper 2, and Zipper3 constructs (plasmids stored at -20 ºC) were transformed, 
separately, into E.coli strain BL21(DE3)pLysS competent cells (Promega) (stored at -80 ºC).  
The transformed cells were grown in a 250 mL pilot Luria-Bertani (LB) media, that contained 50 
mg/ml kanamycin, overnight (~16 hours) at 37 ºC in a shaker incubator that shook at 200 
revolutions per minute (RPM).  The pilot culture was added to 1 L of LB media that contained 
50 mg/mL kanamycin.  100 mM IPTG was added to the new 1.25 L culture to induce protein 
expression.  After the culture was prepared, it was incubated at 37 ºC on a shaker incubator, that 
shook at 200 RPM, for 4 hours.  Once incubated, the cells were pelleted in 250 mL centrifuge 
EcoRI(192)  BamHI   (388)
T7 tag (gene 10 leader)
RBS
T7 promoter
pET24a(+ ) +  Zipper1
5500 bp
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bottles (Nalgene).  The cells were pelleted by placing the culture into centrifuge bottle and 
centrifuging at 10000xg for 10 minutes.  After each centrifugation, the supernatant was disposed, 
and the process was repeated until the entire culture had been centrifuged.  Pellets could be 
stored at -80 ºC.   
 The pellets were resuspended and lysed using a 9:1 ratio of native lysis buffer (300 mM 
NaCl, 50 mM NaH2PO4, 10 mM imidazole, and pH of 8.0) and FastBreak Lysis Buffer 
(Promega).  After resuspension from shaking at room temperature at 200 RPM, sonication was 
done in 30 second intervals for around 5 minutes to completely lyse the cells.  The lysate was 
clarified through centrifugation at 10,000xg for 10 minutes.  Once clarified, the lysate was 
extracted and prepared for gravity column chromatography. 
  The clarified lysate was added to a 20 mL chromatography column (Bio-Rad).  In 
addition to the lysate, 2 mL of Ni-NTA agarose beads (Gold Biotechnologies) were added to the 
column.  Then, the column was incubated for 1 hour at 4 ºC on a rotating mixer.  Following 
incubation, fractions were collected.  The first fraction collected was the flow-through, 20 mL.  
After the initial collection, 40 mL of wash buffer (20 mM  NaH2PO4, 20 mM imidazole,  0.5 M 
NaCl, pH at 8.0) was added to the column in 2 allotments of 20 mL.  4 fractions of 10 mL were 
collected.  15 mL of elution buffer (300 mM imidazole, 20 mM NaH2PO4, 0.5 M NaCl, pH of 
8.0) was then added to the column, and 3 fractions of 5 mL were collected.   
SDS-PAGE 
 SDS-PAGE was used to evaluate the presence of purified proteins (Zipper1, Zipper2, 
Zipper3).  30 µL of each fraction was prepared with a 20:1 ratio of protein to 2X Laemmli 
sample buffer (BioRad).  The prepared samples were heated at 95 ºC for 5 minutes and then 
loaded into a 12% Mini-PROTEAN® TGX SDS-PAGE gel (Bio-Rad).  PageRuler 
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(ThermoFisher) was used as the ladder.  Once all the lanes were loaded, the gel was 
electrophoresed at 200 V for 30 minutes. 
 After the gel was ran, the proteins in the gel needed to be visualized.  To do this, the gel 
was removed from its casing and placed in a container with Imperial protein stain 
(ThermoFisher).  The gel was stained and de-stained, following the manufacturer’s instructions.  
The gel was preserved by casting and drying in the DryErase Mini Cellophane casting system 
(Thermo Fisher). 
Knob-Socket Protein Analysis 
 Propensities of all the zipper sequences were calculated using the Helix Knob-Socket 
Preference Test via the website: http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  
The program calculated the total propensities of each socket in the sequence.  In addition to the 
propensities of each socket, the program shows the relative probability of the socket being free or 
filled as well as knob propensities.  The total propensities of the sequences of the zippers were 
compared for relative stability.  This was done through circular dichroism, where DichroWeb -
helical values were calculated.  G values were obtained from thermal denaturation experiments, 
as an indication of helical stability.   
Circular Dichroism Protein Preparation 
 Purified protein fractions were combined and imidazole dialyzed from the solution.  The 
solution was placed in a 2,000 MWCO Slide-A-Lyzer cassette (Thermo Fisher).  The cassette 
was then placed in 1 L of dialysis buffer (300 mM NaCl, 50 mM NaH2PO4, pH at 8.0).  Once in 
buffer, the cassette slowly spun at 4 ºC.  Dialysis buffer was changed 3 times every 2 hours with 
a final change was done before leaving overnight. 
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 Once the imidazole was removed, the solution was removed from the cassette and placed 
into a 2,000 MWCO VivaSpin 15R concentrating conical tube (Sartorius).  Protein was 
concentrated to a final volume of ~1.0 – 2.0 mL.  A NanoDrop 2000c (Thermo Fisher) was used 
to measure the concentration at A280 of the protein solution.  The protein samples were diluted 
to final concentration of 35 µM in 10 mM KH2PO4. 
Circular Dichroism 
 A Jasco J-180 spectrophotometer was used to analyze the samples.  The light source in 
the spectrophotometer was a Jasco MPTC-490S.  Each sample run for Zipper1, Zipper2, and 
Zipper3 was done in 200 µL aliquots of the 35 µM protein sample in 10 mM KH2PO4, and a 1 
mm Quartz cuvette.  Parameters for the full spectrum scans are listed in Table 2. 
 
Table 2 
Circular Dichroism Full Spectrum Parameters.  A Jasco J-180 spectrophotometer was used to 




Wavelength 260 – 190 nm 
Data Pitch 0.5 nm 
Start Mode Immediately 
Scanning Mode Continuous 
Scanning Speed 50 nm / minute 
Channels 
1 – CD 
2 – HT 
Sensitivity Standard 
D.I.T. 1 second 
Bandwidth 1.00 nm 





 Chemical and thermal denaturation were done for each expressed and purified protein.  
For chemical denaturation, GuHCl was used as the denaturant. Protein solutions were again used 
at a concentration of 35 µM in 10 mM KH2PO4.  GuHCl was added in 0.2 M increments to give 
a final concentration of 0.0 M to 3.0 M of GuHCl with different individual aliquots of 35 µM 
protein sample.  The final volume of each sample was 200 µL.  Each solution was incubated for 
15 minutes on ice before the sample was run through circular dichroism.  After incubation, 200 
µL of the sample was added to a quartz cuvette and placed in the Jasco J-180 spectrophotometer.  
The change in the spectrum at 222 nm was documented and graphed out separately.  Parameters 
for the run are listed in Table 3. 
 
Table 3  
Circular Dichroism Parameters for Chemical Denaturation.  A Jasco J-180 spectrophotometer 
was the instrument used to run circular dichroism.  The Spectra Measurement program within the 
Spectra Manager Suite was used. 
 
Parameter Value 
Wavelength 223 – 221 nm 
Data Pitch 0.5 nm 
Start Mode Immediately 
Scanning Mode Continuous 
Scanning Speed 20 nm / minute 
Channels 
1 – CD 
2 – HT 
Sensitivity Standard 
D.I.T. 1 second 
Bandwidth 1.00 nm 
Number of Accumulations 3 
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Thermal denaturation was performed.  A single 200 µL sample of protein at 35 µM in 10 
mM KH2PO4 was prepared.  The sample was placed in a quartz cuvette and circular dichroism 
was run in a Jasco J-180 spectrophotometer.  The change at 222 nm over the temperature range 
of 20 ºC to 80 ºC was kept track of every 0.5 ºC.  The parameters for the run are listed in Table 4. 
 
Table 4  
Circular Dichroism Parameters for Thermal Denaturation.  A Jasco J-180 spectrophotometer 
was the instrument used to run circular dichroism.  The Variable Temperature Measurement 
program within the Spectra Manager Suite was used. 
 
Parameter Value 
Initial Temperature 20 ºC 
Final Temperature 80 ºC 
Sensitivity Standard 
D.I.T. 4 seconds 
Channels 
1 – CD 
2 - HT 
Start Mode 
Keep target temperature + / - 
0.10 ºC for 5 seconds 
Bandwidth 1.00 nm 
Monitor Wavelength 222 nm 
Data Pitch 1.0 ºC 
Baseline Correction None 
 
Circular Dichroism Analysis 
 Deconvolution of the raw circular dichroism data for each zipper was done using the 
online program DichroWeb.  DichroWeb turned the raw data into relative amounts of 2º 
structure, where the focus was on -helical content.  Files were downloaded from the Spectra 
Manager Analysis program as a CSV file.  All information other than the wavelength and 
corresponding millidegrees were removed from the file.  Once done, the file was converted to a 
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TXT file.  The TXT file was uploaded to DichroWeb.  Other information that needed to be 
inputted were concentration in mg/mL (
(𝑀𝑊)(200 µ𝑀)
106




that was calculated per protein.  The 3 analyses programs within DichroWeb were used and 
averaged: CDSSTR, CONTIN-LL, and SELCON-3.  Other parameters remained constant 
between all the data and are listed in Table 5. 
 
Table 5 
DichroWeb Deconvolution Parameters.  DichroWeb parameters was used to deconvolute all 
circular dichroism data. 
 
Parameter Value 
File Format Free With Preview (.txt) 
Input Units Millidegrees 
Initial Wavelength 260 nm 
Final Wavelength 190 nm 
Lowest nm in Analysis 190 nm 
Wavelength Step 0.5 nm 
Analysis Programs CDSSTR, CONTIN-LL, SELCON-3 
Reference Set SMP180 (Optimized for 190 – 240 nm) 
Scaling Factor 1.0 
Output Units Delta Epsilon 
Path Length 0.1 cm 
 
Specificity of bZIP Proteins 
Base Pair Insertion PCR 
The base zipper sequence inserts in the pET24a(+) vector would have been out of frame 
if directly placed into the pKT25 and pUT18C expression plasmids.  To address this problem, 
mutagenesis was performed on each zipper sequence in the pET24a(+) vectors.  A single base 
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(A) was inserted at the beginning of the sequence to put it in frame when inserted into the pKT25 
and pUT18C plasmids.  Designed primers for each zipper are listed below in Table 6.  Each PCR 
reaction was run in a 50 µL reaction volume with the following composition: 1X Reaction 
Buffer, 125 ng/primer, 10 ng template, 0.5 mM dNTP mix, 3 µL of QuikSolution, and 2.5 U of 
PfuUltra Polymerase.  The PCR parameters are listed in Table 7.   
 
Table 6 
Primers Used for pET24a(+) Base Pair Insertion.  A single base (A) was inserted into the 
beginning of each of the sequences, right after the restriction site and before the zipper sequence.  
The forward and reverse primers are listed from 5’ to 3’.   
 












PCR Parameters for Base Pair Insertion.  The following parameters were used to complete the 
steps of initial denaturation, denaturation, annealing, extension and amplification. 
 
PCR Step Temperature Time 
1. Initial Denaturation 95.0 ºC 00:02:00 
2. Denaturation 95.0 ºC 00:00:30 
3. Annealing 58.0 ºC 00:00:30 
4. Extension 72.0 ºC 00:02:00 
5. Repeat Steps 2-4 x30 --- --- 
6. Final Extension 72.0 ºC 00:10:00 
7. Hold 10.0 ºC Indefinitely 
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 Following the PCR run, the reactions were digested with DpnI for 1 hour at 37 ºC.  Once 
digested, the reaction was transformed into XL10-Gold Ultracompetent cells (Agilent).  Before 
adding the plasmid to the cells, the cells were incubated with a BME mixture (Agilent) on ice for 
30 minutes.  Once the plasmid was added, the mixture was incubated on ice for 30 minutes.  The 
transformed cells were recovered in SOC broth for 1 hour at 37 ºC with shaking.  The 
transformed cells were then plated on LB agar plates that respectively contained either 50 µg/mL 
of kanamycin or 100 µg/mL ampicillin.  Once plated, incubation was done overnight at 37 ºC.  
Single colonies from the incubated plates were picked and cultured.  Plasmids from these cells 
were purified with the GeneJET Miniprep Kit and protocol (ThermoFischer Scientific).  
Sequences were confirmed through sequencing (Sequetech) (Table 8). 
 
Table 8 
Nucleotide and Amino Acid Sequences of Zipper1 for pUT18C and pKT25 Vectors.  Highlighted 
in yellow are the restriction enzyme sites.  Highlighted in cyan is the single nucleotide base 
inserted to allow an in frame gene sequence.  Not highlighted is the remaining sequence of the 
gene.  Highlighted in purple is the 6X His tag.  Highlighted in green is the stop codon. 
 
Zipper1 Construct Sequences 











pUT18C and pKT25 Construct Building 
 Empty pKT25 and pUT18C (Risser lab, University of the Pacific) plasmid vectors were 
digested with each mutated pET24a(+) plasmids containing the base zipper sequences 
respectively.  The total reaction volume was 20 µL that contained 1X CutSmart Buffer (New 
England Biolabs) and 20 U of both BamHI and EcoRI enzymes (New England Biolabs).  The 
digest samples were incubated at 37 ºC for 15 minutes.  The digested empty plasmids and 
digested zipper sequences were electrophoresed on a 3% agarose gel that contained 1 µg/mL of 
EtBr.  Samples were prepared with 1X Purple Loading Dye (New England Biolabs) prior to 
loading and running the gel.  The ladder used was GeneRuler 50 BP (ThermoFisher Scientific).  
The gel electrophoresis was ran at 100V for 30 minutes.  Visualization was done using a UV 
lamp.  Empty pKT25 and pUT18C bands and the base zipper bands were extracted from the gel.  
The extracted bands were purified using QIAquick Gel Extraction Kit and protocol (Qiagen).  
Purified digested empty plasmids was ligated to each respective insert.  The ligation reactions 
were ran in 10 µL reaction volumes that contained 1X T4 DNA Ligase Buffer and 200 U of T4 
DNA Ligase (New England Biolabs).  The reaction was ran at room temperature for 10 minutes.  
The ligations were transformed into OneShot™ TOP10 cells and plated on LB agar plates 
supplemented with either 50 µg/mL kanamycin (pKT25 ligation) or 100 µg/mL ampicillin 
(pUT18C ligation).  The plates were incubated overnight at 37 ºC.  A single colony was picked 
and grown overnight at 37 ºC.  The saturated cultures were purified with the GeneJET Miniprep 
Kit and protocol (ThermoFisher Scientific).  Clones were confirmed with sequencing 
(Sequetech) using the primers found in Table 9.  Vector maps for pUT18C and pKT25 









Primer Sequences Used for pKT25 and pUT18C Construct Sequencing.  Primer sequences are 
listed from 5’ to 3’. 
 





Figure 7.  Zipper1 pUT18C plasmid map.  The plasmid contains the Zipper1-6X His insert 
flanked by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper1 insert is the 




Figure 8.  Zipper1 pKT25 plasmid map.  The plasmid contains the Zipper1-6X His insert flanked 
by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper1 insert is the 
sequence for adenylate cyclase T25 subunit.  The plasmid contains a kanamycin resistance gene. 
 
Site-Directed Mutagenesis 
 Base zipper mutagenesis was done to investigate coiled-coil specificity.  Amino acids 
along and around the binding region were chosen to be mutated.  Each of these mutation sites 
were chosen to recreate past patterns noticed in the heptad repeat to see if the same results could 
be obtained in de novo proteins.  Site-directed mutagenesis was done on both the pKT25 and 
pUT18C constructs containing each of the zipper sequences.  Point mutation primers were 
designed in accordance with the QuikChange Lightening II Site-Directed Mutagenesis Kit 
(Agilent) primer design protocol.  The site-directed mutagenesis primers are listed in Table 10.  
Each PCR reaction was run in a 50 µL reaction volume.  Within that volume the following 
ingredients were present: 1X Reaction Buffer, 125 ng/primer, 10 ng template, 0.5 mM dNTP 
mix, 3 µL of QuikSolution, and 2.5 U of PfuUltra Polymerase.  The PCR parameters are listed in  
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Table 10 
Primers for Site-Directed Mutagenesis.  The forward and reverse primers for the mutant zippers 
are listed below.  The primers are listed from 5’ to 3’.  The first part of the mutant name refers to 
the associated base zipper sequence.  Zipper1, Zipper2, and Zipper3 are abbreviated as Z1, Z2, 
and Z3, respectively.  The final part of the mutant name describes the location and amino acid 
that was changed.  The location of the mutation is specified by the letter placement in the heptad 
followed by the number of heptad repeat, for example A3 denotes that an a position (A) is being 
muted in the third (3) heptad of the binding region.  After the location in parenthesis is the amino 
acid that the sequence is being mutated to.  For example, an “N” indicates a change from the 
original sequence to an asparagine.  Base pair mismatches are bolded and highlighted in yellow. 
 





















     TGCAGT 
R: ACTGCAGAAACTGAAAGCGGAAAACGAAAAACTGAAAC 
     TGGAACTGG 
Z3_A3(N) 
F: TTCCAGTTCCGCTTTCAGTTTTTCGTTTTCCAGTTTCAGTT 
     TTTCCAGTTC 
R: GAACTGGAAAAACTGAAACTGGAAAACGAAAAACTGAA 








     CTG 
Z3_A5(N) 
F: CTGTTTTTCCGCCTGCAGTTTTTCGTTTTCCTGTTTCAGTTT 
     TTCCAGTTC 
R: GAACTGGAAAAACTGAAACAGGAAAACGAAAAACTGCA 
     GGCGGAAAAACAG 
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Table 11.  Following the PCR run, the reactions were DpnI digested for 1 hour at 37 ºC.  Once 
digested, the reaction was transformed into XL10-Gold Ultracompetent cells (Agilent).  Before 
adding the plasmid to the cells, the cells were incubated with a BME mixture (Agilent) on ice for 
30 minutes.  Once the plasmid was added, the mixture was incubated on ice for 30 minutes.  The 
transformed cells were recovered in SOC broth for 1 hour at 37 ºC with shaking.  The 
transformed cells were then plated on LB agar plates that respectively contained either 50 µg/mL 
of kanamycin or 100 µg/mL ampicillin.  Once plated, incubation was done overnight at 37 ºC.  
Single colonies from the incubated plates were picked and cultured.  The plasmids with the 
mutant zipper sequences were purified with the GeneJET Miniprep Kit and protocol 
(ThermoFischer Scientific).  Sequences were confirmed through sequencing (Sequetech) using 
the primers found in Table 9. 
 
Table 11 
PCR Parameters for Site-Directed Mutagenesis.  The following parameters were used to 
complete the steps of initial denaturation, denaturation, annealing, extension and amplification. 
 
PCR Step Temperature Time 
1. Initial Denaturation 95.0 ºC 00:03:00 
2. Denaturation 95.0 ºC 00:01:00 
3. Annealing 56.0 ºC 00:01:00 
4. Extension 72.0 ºC 00:06:30 
5. Repeat Steps 2-4 x19 --- --- 
6. Final Extension 72.0 ºC 00:06:00 
7. Hold 10.0 ºC Indefinitely 
 
Making BTH101 Competent Cells 
 BTH101 cells were obtained from the Risser lab (University of the Pacific).  A single 
colony, from the plate provided, was picked and grown to saturation in LB at 37 ºC overnight.  1 
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mL of the saturated culture was added to 100 mL of LB.  Incubation was done at 37 ºC until the 
optical density (OD) reading at 550 nm was 0.48.  Once the desired OD550 was reached, the cells 
were incubated on ice for 10 minutes.  The cells were pelleted in a 50 mL conical tube at 4 ºC 
and 5,000 RPM for 5 minutes.  The supernatant was disposed and the remaining pellet was 
placed on ice.  The pelleted cells were resuspended in 15 mL of prechilled TJB1 buffer (100 mM 
RbCl, 50 mM MnCL2 x 4 H2O, 30 mM K-acetate, 10 mM CaCl2 x 2 H2O, 15 % glycerol).  The 
resuspended cells were incubated on ice for 5 minutes and then, centrifuged at 4 ºC at 5,000 
RPM for 5 minutes.  The supernatant was removed and the remaining pellet was placed on ice.  
Resuspension of the cells was done with ice cold TJB2 buffer (10 mM MOPS, 10 mM RbCl, 75 
mM CaCl2 x 2 H2O, 15 % glycerol).  The resuspended cell solution was aliquoted in 50 µL 
amounts into 1.5 microcentrifuge tubes (ThermoFischer Scientific).  The aliquoted cells were 
flash frozen in an EtOH bath in the -80 ºC freezer.  Once frozen, the cells were stored at -80 ºC.  
Efficiency of the transformation was tested through standard transformations. 
Bacterial Adenylate Cyclase Two-Hybrid (BACTH) Assay Preparation 
 Each zipper sequence and its mutants are present in each expression vector, pKT25 and 
pUT18C.  In order for the assay to show a positive result, the presence of pKT25 and pUT18C 
had to be present in the same cell and the expressed proteins needed to interact by bringing the 
two parts of adenylate cyclase together to activate the enzyme. In this case, the cell line BTH101 
will be used.  Once the plasmids were co-transformed into BTH101 cells, they were plated on 
MacConkey agar (20% maltose, 0.5 mM IPTG, 50 µg/mL kanamycin, and 100 µg/mL 
ampicillin) to test for positive co-transformants.  The plates were grown at 30 ºC for 1 – 4 days.  
Selection of positive co-transformants was done by plating on LB agar plates with 1 mM IPTG, 
50 µg/mL kanamycin and 100 µg/mL ampicillin.  Multiple colonies were chosen from the plate 
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and grown in triplicate.  Cells were cultured in 3.0 mL of LB supplemented with IPTG, 
ampicillin, and kanamycin at 37 ºC overnight on a shaker incubator.   
 In addition to preparing our co-transformed plasmids, positive and negative controls were 
performed.  The positive control (Risser lab, University of the Pacific) contained pKT25 and 
pUT18C with the insert of GCN4 leucine zipper, which is known to interact well.  The negative 
control was empty pKT25 and pUT18C plasmids.   
BACTH Assay and Analysis 
 The 3 buffer solutions prepared for the BACTH assay are 1) Permeabilization Solution 
(100 mM Na2HPO4, 20 mM KCl, 2 mM MgSO4, 0.8 mg/mL CTAB, 0.4 mg/mL sodium 
deoxycholate), 2) Substrate Solution (60mM Na2HPO4, 40 mM NaH2PO4, autoclaved), and 2) 
Stop Solution (1 M Na2CO3, autoclaved).20 µL from each of the saturated cultures were added to 
a 1.5 mL microcentrifuge tube.  To theses aliquots, 80 µL of Permeabilization Solution was 
added, supplemented with 5.4 µL/mL of BME before use.  At this time, Substrate Solution was 
supplemented with 1 mg/mL and 2.7 µL/mL of BME.  The cultures containing Permeabilization 
Solution and the prepared Substrate Solution were incubated at 30 ºC for 20 minutes.  Following 
incubation, 600 µL of Substrate Solution was added to the sample.  Once the Substrate Solution 
was added to the sample, a timer was started, and the microcentrifuge tube was inverted.  
Appearance of a pale yellow color acted as the indication as to when to add 700 µL of Stop 
Solution.  Once the Stop Solution was added, the timer was stopped, and the time was recorded 
in minutes.  This procedure was done for each sample in the assay. 
 A Synergy HI Microplate Reader (Biotek) was used to analyze the assay absorbances and 
overnight culture readings.  Assay samples were added in a 300 µL volume to a BioLite 48 Well 
Multidish (ThermoFisher Scientific).  The samples were read at A420.  The same procedure was 
 54 
done with the overnight cultures, but these samples were read at A600.  The Miller Units were 
calculated for each sample interaction.  The Miller Unit equation is found in Figure 9.  The 
Miller Units were then input into Prism 7 (GraphPad).  The triplicate data was analyzed using a 
One-Way ANOVA analysis with multiple comparisons.  Finally, a Tukey’s post-hoc test was 




Figure 9.  The Miller Unit equation.  This calculation was used for each sample interaction 
tested.  Reactions were run at a volume of 0.02 mL.  The A420 and A600 readings were taken 
from the BACTH assay solution and overnight cultures, respectively, done on a Synergy HI 
Microplate Reader.  The reaction time is in minutes.  
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CHAPTER 3: RESULTS AND DISCUSSION 
 
De novo design of proteins has been utilized to understand the application of the basic 
determinants of protein folding.  Insight into the rules that define a protein fold helps in the 
understanding of how mutations in proteins causes disease.  Rational protein design at the 
quaternary level would create a new method of designing therapeutic drugs to combat diseases.   
Design and Stability of de novo bZIP Proteins 
 In this work, de novo designed proteins were created to mimic bZIP leucine zipper 
dimerization.  Crystal structures of coiled-coil proteins were studied to understand the patterns.  
Coiled-coils form when 2 -helices dimerize along their longest axis.  Coiled-coils are most 
commonly found in the dimer or trimer state, although up to 7 helices have been found to 
associate in a single bundle.  At the 1° sequence level, coiled-coils feature a pseudo heptad 
repeat.  The 7 positions in this residue repeat are designated from a to g (abcdefg).  Each position 
in the repeat has a characteristic amino acid.  For example, at the a and d position, there is 
usually a hydrophobic residue while the e and g position usually contains a polar or charged 
amino acid.40  A class of coiled-coils are basic region leucine zipper (bZIP) transcription factor 
proteins that form a homodimer.  The presence of the leucines in the binding region allows the 
proteins to dimerize.77   
20 bZIP proteins with crystal structures (Table S1) were analyzed.  The goal was to 
understand the heptad repeat pattern sequence determinants that would produce a leucine zipper 
homodimer.  Leucine (L) is typically found at the d position (Figure 10).  Although other 





Figure 10.  d position analysis of coiled-coil proteins.  (A) Coiled-coil heptad pattern (abcdefg) 
mapped on a KS lattice.  Highlighted in blue are the d positions of the heptad.  The shaded 
regions, in gray represent sockets that are filled, while the nonshaded regions in white represent 
sockets that are free.  The red circles are representations of residue packing from the other 
homodimer. (B) Structures of 20 bZIP proteins with crystal structures were examined at the d 


















































































incidence of other amino acids at the d position, leucine will be placed at every d position of the 
binding region. 
In addition, residues surrounding the d position were studied.  The analysis looked at 
residues in relation to other residues at specific positions.  The KS model was the best way to 
understand this concept.  KS helical hexagons were used to analyze the contacts at a certain 
position.  The KS hexagon indicate that a single residue in a helix takes part in 6 different 
sockets or is in direct contact with 6 other residues on the helix (Figure 11).  In relation to the 
heptad repeat denotation, the d position was in contact with 2 a positions, a c position, an e 
position and 2 g positions.  Leucine was substituted in Figure 11.b since that would be the only 
residue in the d position of the binding region.  Based on the shading of the KS hexagon, gray 
indicates binding or filled sockets.  With the leucine at the d position of the binding region set, 
the surrounding residues could now be analyzed.   
 
 
Figure 11.  Analysis of coiled-coil patterns using KS hexagons with leucine at the d position.  
For an -helix, a single residue is in contact with 6 other residues.  (A) KS hexagon highlighting 
a d residue found in a coiled-coil.  Surrounding the d residue are 2 a residues, c residue, e residue 
and 2 g residues.  (B) Based on the high frequency of leucine in the d position, shown in Figure 
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The a position dependent upon a leucine at the d position was the first to be investigated.  
High and low sockets were not scrutinized against when gathering statistics.  From the analysis 
(Figure 12), valine (V) was the most prevalent amino acid.  This concurred with the pattern 
where the a and d positions usually consisted of hydrophobic amino acids.  This observation also 
agreed with the KS model where small, nonpolar amino acids typically are found in filled 
sockets.  When looking at the sockets that are filled, the 2 residues, a and d were present each 
time. 
 
            
Figure 12.  a position analysis of coiled-coil proteins with a leucine at the d position.  (A) The 
KS hexagon highlights the a positions (in blue) with respect to a leucine at the d position.  (B) 
Structures of 20 bZIP proteins with crystal structures were examined at the a position where a 
leucine was also present at the d position.  Frequency of the occurrences is plotted against its 
respective amino acid. 
 
 The next positions analyzed were the e and g positions.  When these positions were in 
contact with the d position, they were part of filled sockets, and therefore, a part of the binding 
region (Figure 13-14).  The most prevalent amino acid found in the e position is glutamic acid 






























plentiful were lysine, glutamic acid and glutamine (Q).  Other amino acids were not typically 
found in filled sockets, according to the KS model.  For the hydrophobic binding seam, the 
socket residue composition was d:ga and de:a.  The a and d positions are hydrophobic amino 
acids. The presence of two hydrophobic amino acids outweighed the presence of the charged 
amino acid to produce a free socket.  Sockets are not defined by a single amino acid’s 
contribution, rather specific combinations determine whether the socket is a filled or a free.  
Sockets are also not always 100% of the time filled or free.  When propensity outputs for each 
socket of the base zippers (Figure S1, 7 and 13) were looked up using 
http://tsailab.chem.pacific.edu/helix-socket-prediction.html, the preferred state of each socket 
could be assessed. For example, L:KV which is the most likely d:ea socket, from our analysis 
from Figures 10, 13 and 14, has a relative frequency to be filled 66% of the time and free 33% of 
the time. 
 
                      
Figure 13.  e position analysis of coiled-coil proteins with a leucine at the d position.  (A) KS 
hexagon highlights the e position (in blue) given a leucine at the d position.  (B) In the structures 
of 20 bZIP proteins with crystal structures, the e position residue frequencies were calculated 
when a leucine was present at the d position.  Frequency of the occurrences is plotted against its 































   
Figure 14.  g position analysis of coiled-coil proteins given a leucine at the d position.  (A) KS 
hexagon highlights the g position (in blue) in respect to a leucine at the d position.  (B) In 
structures of 20 bZIP proteins with crystal structures, residue frequency at the g position were 
found when a leucine was also present at the d position.  Frequency of the occurrences is plotted 
against its respective amino acid. 
 
Next, the helical residues of the heptad repeat that are not involved in binding were 
investigated, since this region ensures that exposure to solvent and allows for helical stability. 
This space is indicated by the free or white sockets in the helix.  When the KS hexagon is 
analyzed in relation to the d position, the sockets involve the g and c positions.  Unlike the g 
position, the c position was never found to be filled or a part of the binding region.  At the c 
position, the most common amino acids are arginine, glutamine and threonine (T), when a 
leucine was present at the d position (Figure 15).  With a broader and more diverse distribution, 
the c position did not exhibit a characteristic amino acid type like those found in the binding 
region.  Based on our analysis of c position, the commonality found was that the amino acids 





























model, for bulkier amino acids are usually found to compose free sockets that interact with the 
solvent. 
 
                           
Figure 15.  c position analysis of coiled-coil proteins given a leucine at the d position.  (A) KS 
hexagon highlights the c position (in blue) when a leucine is present at the d position.  (B) In 
structures of 20 bZIP proteins with crystal structures, residue frequencies were calculated at the c 
position when a leucine was also present at the d position.  Frequency of the occurrences is 
plotted against its respective amino acid. 
 
Like the d position, the only other position in the helix coiled-coil heptad repeat that is 
both a knob and a socket is the a position. The distribution of amino acids at the a position is 
shown in Figure 16, which exhibits greater diversity in types of residues. The most prevalent are 
valine and asparagine. While the valine has been well documented as an amino acid in binding 
interface due to its hydrophobicity, the asparagine is somewhat surprising, although it has been 
found before.  The asparagine is believed to control specificity of coiled-coils, yet it is not solely 
responsible.  To try and understand asparagine specificity in coiled-coils, integration of an 
asparagine into our designed sequence was done at the a position.  In Figure 12, the a position 




























independently, it shows that valine is still preferred, with asparagine (N) being the second most 




Figure 16.  a position analysis of coiled-coil proteins.  (A) Coiled-coil heptad pattern (abcdefg) 
mapped on a KS helical lattice. The a positions are highlighted in blue.  (B) In structures of 20 
bZIP proteins with crystal structures, residue frequencies at the a position were counted.  


















































































at the a position (Figure 17).  This was done to see if patterns arose from the surrounding 
residues when an asparagine was present as well as to see if there were similarities or differences 
to the KS hexagon analysis when a leucine appeared at the d position. 
 
                 
 
Figure 17.  Analysis of coiled-coil patterns using KS hexagons with asparagine at the a position.  
(A) KS hexagon highlights the a residue found in a coiled-coil.  Surrounding the a residue are a 
b residue, 2 d residues, 2 e residues and a g residue.  (B) Based on the specificity associated with 
an asparagine at the a position, the a residue shown in (A) was replaced with an asparagine. 
 
As shown through KS hexagon analysis in Figure 17, the a position consists of the 
following contacts: the following b residue, the preceding g residue from the previous heptad 
repeat, and 2 d residues and e residues, one from the previous heptad and one for the present 
heptad.  The differences between the KS hexagons between the a and d positions are the 6 
contact residues and what areas are filled and free.  In Figures 18-20, the residues display a 
typical pattern: d position are hydrophobic amino acids, and e and g positions are charged amino 
acids.  The new introduction of the b residue is a major difference. Much like the c position in 
the KS hexagon around the d position, the b position does not show at amino acid preference and 























           
Figure 18.  d position analysis of coiled-coil proteins with an asparagine at the a position.  (A) 
KS hexagon highlights the d position (in blue)  (B) In structures of 20 bZIP proteins with crystal 
structures, residue frequencies were calculated at the d position, when an asparagine was present 
at the a position.  Frequency of the occurrences is plotted against its respective amino acid. 
 
               
 
Figure 19.  e position analysis of coiled-coil proteins with an asparagine at the a position.  (A) 
KS hexagon highlights the e position (in blue).  (B) In structures of 20 bZIP proteins with crystal 
structures, residue frequencies were examined at the e position, when an asparagine was present 





























































                         
Figure 20.  g position analysis of coiled-coil proteins with an asparagine at the a position.  (A) 
KS hexagon highlights the g position (in blue).  (B) In structures of 20 bZIP proteins with crystal 
structures, residue frequencies were examined at the g position, when an asparagine was present 
at the a position.  Frequency of the occurrences is plotted against its respective amino acid. 
 
              
 
Figure 21.  b position analysis of coiled-coil proteins with an asparagine at the a position.  (A) 
KS hexagon highlights the b position (in blue).  (B) In structures of 20 bZIP proteins with crystal 
structures, residue frequencies were examined at the b position, when an asparagine was present 

























































asparagine was at the a position, are glutamic acid, leucine, serine (S) and tyrosine (Y) (Figure 
21).  Position b residues are a major part of the non-binding region, and thus consist of free 
sockets, so the bulkier and polar amino acids at this position makes sense. 
The next region analyzed is the area of the helix that is not involved in the 
homodimerization.  The major positions of this negative binding space region were b, c, and f.  
The positions were investigated without influence of other residues (Figure 22).  A major 
difference was seen with the 2 analyses of the b position.  When in the presence of an asparagine 
at the a position, the b position preferred glutamic acid, leucine, serine and tyrosine.  When 
looking at the b position in general, the amino acids seen in most frequently were alanine, 
glutamic acid, lysine, leucine, and serine.  Because there is only an average of 1 to 2 asparagines 
at the a position of a coiled-coil, the discrepancy could be due to the smaller sample size of the b 
position when an asparagine is at the a position.  It is interesting that the 2 new residues are 
hydrophobic alanine and leucine.  There were minute differences between the 2 analyses at the c 
position, where the c position alone had an additional high frequency for glutamic acid.  A 
position that was not yet been analyzed was the f position.  This position was not analyzed yet 
because it was not in contact with any of the main residues of the binding path.  The amino acids 
found the most often at this position were glutamic acid, leucine, asparagine and serine.  These 
residues closely resemble the residues found in the positions that contribute greatly to the 
negative binding space region at the b and c positions. 
 The number of heptad repeats present was evaluated next.  Only full heptad repeats (a-g) 
in the binding region were counted (Figure 23B).  It was found that 5 repeats were the most 
common with 4 and 6 repeats as the next.  The last element that needed to be looked at before 




Figure 22.  Negative space analysis of coiled-coil proteins.  (A) Coiled-coil heptad pattern 
(abcdefg) mapped on a KS lattice.  Highlighted in blue, green and orange are the b, c and f 
heptad positions, respectively.  (B-D) In structures of 20 bZIP proteins with crystal structures, 
residue frequencies were examined at the b, c and f positions, respectively.  Frequency of the 
occurrences are plotted against its respective amino acid.  





















































































































Figure 23.  Heptad analysis of coiled-coils.  (A) Coiled-coil heptad pattern (abcdefg) mapped on 
a KS helical lattice.  The heptad repeat is highlighted in orange, except for the a positions 
highlighted in blue.  (B) In structures of 20 bZIP proteins with crystal structures, residue 
frequencies were examined for how many heptads were present in the binding region of the 
protein.  (C) The same was done for asparagines at the a position.  Specifically, where an 
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most common at the third a position (a3) of the heptad (Figure 23C).  An outlier was a high 
percentage at the a1 position.  Interestingly, when an asparagine was present at the a1 position, 
packing at this position was not found in any of the crystal structures.  The numbering of the 
beginning of the heptad repeat was inconsistent between research groups. Some groups began at 
the first residue packing across the interface, while others began where a characteristic 
hydrophobic residue begins the distinctive heptad repeat.  In this case, counting was done when a 
characteristic hydrophobic residue begins the distinctive heptad repeat pattern. 
 All patterns (heptad pattern, heptad number pattern, and placement of asparagine within 
the heptad) were considered in the design of 3 de novo protein sequences (Figure 24).  Each 
protein was designed for different purposes, but ultimately each were meant to reproduce a 
leucine zipper.  One characteristic that all the proteins have in common is that every d position 
within the binding region was a leucine.  The remaining residues were then selected.  The 
residues in contact with the leucine at the d position were addressed first to ensure a good 
binding region.  All possible combinations of the socket were computed and propensities were 
calculated via http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  From all of the 
results generated, sockets were chosen that resembled the natural arrangements of a leucine 
zipper.  Also, sockets were chosen to have high propensities favoring being free or filled with 
relative frequency >0.50 and also to create -helical structure based on their heptad position.  
This process was done for the binding region of the proteins and then the socket propensity 
>1.00.  When a chosen socket did not align or the next socket did not fulfill the requirements 
stated above, the process was restarted by choosing a different residue.  While the helical 
sequence was built first on the hydrophobic seam, the non-binding region of the helix holds just 




Figure 24.  KS propensity maps of base zipper sequences.  The propensity maps were created 
using a colorimetric scale.  Numbers on the left-hand side of the helix indicate the amino acid 
number in the sequence.  (A) KS propensity map of Zipper1.  (B) KS propensity map of Zipper2.  
(C) KS propensity map of Zipper3.  (D) KS colorimetric propensity scale key.  A colorimetric 
representation was created to act as a visual representation of a socket’s free/filled propensity.  
The color represents the relative frequency of being filled (red) or free (blue) while the hue of the 
color relates to the propensity of the socket. 
 
bonding region as well as the beginning and final amino acids of the N- and C-termini were 





hydrophobic seam for homodimerization. In other words, excess areas of binding allow 
alternative binding or unwanted oligomerization states. Without asparagines, these initial 
sequences will be referred to as the base zippers. 
The first protein designed was Zipper1, abbreviated as Zip1 or Z1.  Zipper1 was designed 
on a single heptamer repeat LAKLQQEE. These 7 residues are repeated throughout the 
sequence, but only resides within the binding region.  The heptamer repeat was created as the 
simplest reproduction of the natural leucine zipper.  Leucines were set at the a and d positions.  
This was done to see if a leucine at the a position would help to optimize the leucine zipper.  
This protein was designed to be longer than the average bZIP protein to account for any 
complications that may have arisen when mutating the protein. 
 The next protein designed was Zipper2, abbreviated Zip2 or Z2.  Zipper2 was designed to 
mimic bZIP proteins the most out of the total 3 proteins designed.  Leucines were set at every d 
position of the binding region.  Hydrophobic residues were set at every a position and charged 
residues found at the e and g positions of the binding region. 
 The final protein that was designed was Zipper3, abbreviated Zip3 of Z3.  Zipper3 was 
designed to optimize the leucine zipper, same as Zipper1, but not as a heptamer repeat.  The 3 
proteins designed are found in Figure 24.  The sequences are displayed on a KS lattice with its 
length listed on the left-hand side.  The color-coded key denoted the preference of the socket 
being filled (red) or free (blue).  The hue of the scale dictated the propensity of the socket. 
 Once the sequences were designed, they were all run through analyses programs.  The 
first program used was the Basic Local Alignment Search Tool (BLAST) to find any similarity 
between the designed sequences and known proteins. This was done to make sure the designed 
sequences were unique. A statistical significance score between the input protein sequence to 
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known proteins is given.  BLAST results for Zipper1 are found in Figure 25, while the rest of the 
base zipper BLAST results are found in the appendix. In all cases, the base zipper sequences 
were found to be unique and very little similarity to known proteins. 
  
 
Figure 25 .  BLAST results of Zipper1.  A small excerpt of the BLAST results is shown.  The 
similarity between the Zipper1 sequence to known sequences of proteins in databases. The max 
score represents the statistical significance score that relates the similarity of Zipper1 to the 
particular protein stated.   
  
The BLAST analyses confirm that the designed base zipper sequences have not already 
been found in nature, and so are unique.  Although the identities of the compared natural proteins 
and designed proteins were found to have over a 50% identity, the similarities were not 
contiguous, but rather in short, fragmented segments. The known natural proteins are 
substantially longer than the designed bZIP proteins.  The differences in lengths were due to 
regions of DNA binding that were not included in the designed proteins.  To show that these 
identity scores and identity percentages showed no reason of concern in terms of the design 
resembling natural proteins, the Clustal Omega program was used to align the designed protein 
sequence against the natural protein with the highest identity score (Figure 26) and against the 
natural protein with the highest identity percentage (Figure 27). These results clearly shown that 
the proteins are not identical, and the designed sequences are distinct. 
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Figure 26. Alignment of Zipper1 against the protein with the highest max score from BLAST 
analysis.  Clustal Omega was used.  The protein in comparison’s name is found at the top of 
figure followed by the sequence.  The CLUSTAL alignment shows the placement in the 
sequence where similarities, as well as where differences are found.  The entire sequence is not 
shown due to low or no similarity, represented by dashed lines in the sequences. When looking at 
the alignment, the third line shows a symbol figure.  This figure indicates where there was no 
similarity (blank), precise similarity (*) and alike amino acids (:). 
 
All of the base zippers were designed to be -helical, just as bZIP proteins.  To test the 
design prediction, the sequences of the base zippers were run through PSIPRED.  PSIPRED is a 
2º structure prediction method that compares an input sequences to known protein 
sequence/structural databases to predict the 2° of a sequence.  The output from the program gave 
preliminary data (Figure 28) as to what could be found experimentally when purifying the 
protein. All the base zippers were predicted to have high helical content. 
Continuing analysis of the synthesized base zippers, the next step was to calculate the 
molecular weight and mean residue weight (Table 12).  Also, the total propensity, propensities of 
all the sockets summed up for each base zipper.  For the total propensities to be comparative, the 
total propensities were divided by the total number of sockets (Table 13).  This was done to 
account for the differences in sizes of the different proteins.  Higher propensities predicted a 
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more -helical content and stable structure.  From the calculations, Zipper3 had the highest 
average socket propensity, and is thus predicted to be the most -helical and stable followed by 
Zipper2 then Zipper1.  These predictions would be confirmed through analysis of circular 
dichroism data and denaturation studies. 
 
 
Figure 27.  Alignment of Zipper1 against the protein with the highest identity percentage from 
the BLAST analysis.  Clustal Omega was used.  The protein in comparison’s name is found at 
the top of figure followed by the sequence.  The CLUSTAL alignment shows the placement in 
the sequence where similarities, as well as differences are found.  The entire sequence is not 
shown due to low or no similarity, represented by dashed lines in the sequences.  When looking 
at the alignment, the third line shows a symbol figure.  This figure indicates where there is no 





Figure 28.  2º structure prediction of Zipper1.  PSIPRED was used.  The first row shows the 
confidence interval.  The next 2 rows represent the prediction of the 2º structure, denoted 2 ways: 
graphically and symbolically.  The legend is shown at the bottom of the figure.  Finally, the 
inputted sequence is shown in the last row. 
 
Table 12 
Base Zipper’s Molecular Weight and Mean Residue Weight.  Molecular weight and mean residue 
weights were calculated for the designed base zippers. 
 
Construct Molecular Weight (kDa) Mean Residue Weight (Da) 
Zipper1 8.290 116.761 
Zipper2 7.450 120.161 





Knob Socket Total Propensities and Average Socket Propensities.  Propensities for the base 
zippers were obtained from http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  All 
socket propensities of the respective protein were added together to obtain the total propensity 
value.  The total propensity value was divided by the total number of sockets for its respective 
protein giving the average socket propensity. 
 
Construct Total Propensity Average Socket Propensity 
Zipper 1 682.900 5.598 
Zipper 2 459.680 4.420 
Zipper 3 775.980 7.461 
 
Experimental work began with purification of the designed proteins.  The purified base 
zippers were run using an SDS-PAGE gel.  The purification of Zipper1 confirmed that the 
designed protein is the size of the calculated molecular weight, 8.290 kDa, found in Table 12.  
Confirmation was seen in lanes 5-8 of the gel (Figure 29).  The same purification process was  
 
 
Figure 29.  Purification of Zipper1.  SDS-PAGE gels using tris-tricine buffer was done on the 
purification of Zipper1.  The gel was loaded as follows: PageRuler Protein Ladder (lane 1), flow-
through (lane 2), wash 1 (lane 3), wash 4 (lane 4), elutions 1 – 4 (lanes 5 – 8 respectively).  The 
band at ~8 kDa in lanes 5-8 represents the Zipper1 protein. 
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done with Zipper2 and Zipper3.  The purifications confirmed the calculated measured molecular 
weights, 7.450 and 7.560 respectively (Figure 30). 
 
 
Figure 30.  Purification of Zipper2 and Zipper3.  SDS-PAGE gels using tris-tricine buffer was 
done on the purification of Zipper2 and Zipper3.  The gel was loaded as follows: PageRuler 
Protein Ladder (lane 1), Zipper2 flow-through (lane 2), Zipper2 wash 1 (lane 3), Zipper2 wash 4 
(lane 4), Zipper2 elutions 1-4 (lanes 5-8 respectively), Zipper3 flow-through (lane 9), Zipper3 
wash 1 (lane 10), Zipper3 wash 4 (lane 11), Zipper3 elutions 1-4 (lanes 12-15 respectively).  The 
band at ~7 kDa in lanes 5-8 represented the Zipper2 protein.  The band at ~8 kDa in lanes 12-15 
represents the Zipper3 protein. 
 
The elutions shown in the SDS-PAGE gels were combined and used for circular 
dichroism.  Samples were desalted and concentrated then diluted to 35 µM using 10 mM 
potassium phosphate.  Full spectra of the samples were run on the JASCO J-180 
spectrophotometer.  The base zippers showed -helical characteristics: minima at 208 and 222 
nm and a maximum at 195 nm (Figure 31).  Yet, -helical content cannot be confirmed through 













1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
FT W1 W4 E1 E2 E3 E4 FT W1 W4 E1 E2 E3 E4
 78 
 
Figure 31.  2º structure analysis of the base zippers using circular dichroism.  35 µM of each 
base zipper was prepared and run through circular dichroism.  Data was collected in millidegrees 
and plotted against wavelength (260-190 nm).  The full spectra CD curve of each base zipper has 
signature characteristics of an  -helix.   
 
Table 14 
Deconvolution of Raw Circular Dichroism Data of Base Zippers.  An online analysis program, 
DichroWeb, was used to calculate relative frequencies of 2º structures.  Within DichroWeb, 3 
analyses programs, SELCON-3, CONTIN-LL, CDSSTR were used. Results and the average -
helical content is reported in the table below. 
 
Analysis Programme Zipper1 Zipper2 Zipper3 
SELCON-3 0.457 0.413 0.477 
CONTIN-LL 0.477 0.376 0.614 
CDSSTR 0.610 0.470 0.630 
Average 0.515 0.420 0.574 
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analyses programs were utilized, SELCON-3, CONTIN-LL and CDSSTR, then averaged (Table 
14).  Zipper3 was found to be the most -helical followed by Zipper1 then Zipper2. Stability of 
the proteins was tested using denaturation curves, chemical and thermal (Figures 32-33).  For the 
chemical denaturation curve, GuHCl was used in increasing concentration.  As a predictive 
model the KS model performs well from concentrations of 0.0 M to 3.0 M.  While shallow, the 
results are typical of single helix denaturation curves that are seen, since not much denaturation 
occurring.   
 
 
Figure 32.  Denaturation studies of base zippers using GuHCl.  35 µM of each base zipper was 
prepared and run through circular dichroism monitored at 222 nm.  Data was collected in 
millidegrees and plotted against an increasing amount of GuHCl (0.0 M – 3.0 M). 
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As predicted, Zipper3 was found to be the most stable followed by Zipper1 then Zipper2.  
The thermal denaturation curve was done using increasing temperatures from 20 ºC to 80 ºC.  
The minimal change in millidegrees indicates that the protein was pretty stable under thermal 
conditions.  Zipper3 was found to be the most stable followed by Zipper1 then Zipper2. Further 
analysis of the thermal denaturation curve was done with a non-linear least-squares analysis.  
The values obtained were Tm, ∆H and ∆S.  The ∆G value was calculated using these values as 
shown in Table 15.  Because Gibbs free energy is the relation of unfolded and folded structure of 
a protein, the analysis shows Zipper3 was found to be the most stable followed by Zipper1 then 
Zipper2, which follows KS model prediction. 
 
 
Figure 33.  Denaturation studies of base zippers using temperature.  35 µM of each base zipper 
was prepared and monitored at 222 nm in a CD over a temperature range from 20 ºC to 80 ºC.  




Stability Parameters of Base Zippers.  A non-linear least-squares analysis was done on the 
thermal denaturation CD curve.  Tm, ∆H and ∆S values were extrapolated and used to calculate 
the ∆G value. 
 
Construct Tm (ºC) ∆H (J/mol) ∆S (J/mol*K) ∆G (kJ/mol) 
Zipper1 307.2 96,448.2 314.0 -2.84 
Zipper2 307.2 83,976.5 273.4 -2.47 
Zipper3 317.2 60,113.8 189.5 -3.61 
 
Specificity of bZIP Proteins 
 In order to achieve and understand protein specificity and affinity, protein binding was 
explored with these designed sequences.  Specificity can be thought of as a protein’s selectivity 
of binding partner while affinity is the strength of binding.  In terms of bZIP protein binding, 
specificity and affinity are not synergistic, but rather specificity costs in affinity.  From previous 
studies, a commonality noticed among bZIP proteins was the presence of an asparagine at an a 
position.  The asparagine has been thought of as the key to specificity which lowers the binding 
affinity of the protein.  In the bZIP proteins, this was only found with asparagine due to its side 
chain chemistry.  In homodimerization, the asparagine acts as a knob as well as part of the socket 
that it packs. Being hydrophilic, asparagine as a knob does not favor packing into hydrophobic 
sockets.  Further analysis of bZIP proteins using a KS lattice allowed for other patterns to be 
noticed along with the asparagine at an a position.  This analysis indicated that the asparagine 
does not act alone in terms of specificity.  To test this KS model analysis of specificity, 
asparagine was introduced at multiple a positions along with certain amino acids in the 
associated KS hexagon. 
 To test homodimerization using the BATCH system, gene sequences of the base zippers 
were put into pUT18C and pKT25 vectors and confirmed through sequencing.  Site-directed 
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mutagenesis was then conducted on the sequences shown in Table 16 for Zipper1.  Mutation 
locations are highlighted in blue in the table.  Because of the simplicity of the Zipper 1 sequence, 
multiple mutation sites were introduced with a single primer.  This created a number of resulting 
Zipper 1 mutants but allowed for the testing of multiple asparagines placed throughout the 
leucine zipper region.  The mutants of Zipper1 were named based on the order that the sequences 
were confirmed.  KS propensity for these confirmed sequences were plotted on KS helix lattice 
maps (Figures 34-35).  These maps highlighted the changes at different points in the heptad 
defined binding region.  The binding region residues were highlighted in yellow.  Any alteration 
to the binding region was highlighted in blue. 
 
Table 16 
Sequences of Zipper1 and Its Mutants.  The wild-type and mutant sequences are shown.  


























Figure 34.  Propensity maps of Zipper1 and its mutants.  Propensities were mapped using a 
colorimetric scale.  Numbers on the left-hand side of the helix represent the amino acid number 
in the sequence.  (A-F) Propensity maps of Zipper1-Zipper1_A(N)_5 respectively.  (G) KS 
colorimetric propensity scale key.  A colorimetric representation was established to act as a 
visual representation of a socket’s free/filled propensity.  The blue color represents the relative 
frequency of being free while the red color represents relative frequency of being filled. The hue 











Figure 35.  Heptad maps of Zipper1 and its mutants.  Highlighted in yellow are the heptad repeat 
positions a and d.  When an asparagine was present at an a position, it is highlighted in blue.  
Numbers on the left-hand side of the helix represent the amino acid number in the sequence.  (A-
F) Heptad maps of Zipper1-Zipper1A(N)_5, respectively. 
 
Zipper2’s mutations were done to test specificity through the placement of an asparagine 
and amino acids around the asparagine (Table 17).  Highlighted in blue are the location of the 
mutation where an asparagine replaced a leucine at the a position.  Highlighted in pink in the 








were placed individually at the a2, a3 and a5 positions.  When packing included same charged 
residues, as a knob and present in the socket, binding is thought not to occur.  To test this theory, 
charged residues were mutated at the e and g positions. 
 
Table 17 
Sequences of Zipper2 and Its Mutants.  The wild-type and mutant sequences are shown.  
Highlighted in blue are the mutation placement of an asparagine at the a position.  Highlighted in 






















 Mutations were confirmed through sequencing.  Then, the sequences were mapped on KS  
lattices with respective propensities (Figure 36).  The sequences were also plotted  
using heptad mapping, and the leucine zipper of the binding region was highlighted in yellow 
(Figure 37).  An alteration to the highlighted region of an asparagine in the a position was 







Figure 36.  Propensity maps of Zipper2 and its mutants.  The propensity maps were done using a 
colorimetric scale.  Numbers on the left-hand side of the helix represent the amino acid number 
in the sequence.  (A-F) Propensity maps of Zipper2-Zipper2_A5(N) respectively.  (G) KS 
colorimetric propensity scale key.  A colorimetric representation was established to act as a 
visual representation of a socket’s propensity and free/filled relative frequency synchronously.  
As in, the color (blue-red) represent the relative frequency of being filled or free while the hue of 
the color relates to the propensity of the socket. 
  






Figure 37.  Heptad maps of Zipper2 and its mutants.  Highlighted in yellow are the heptad repeat 
positions a and d.  When an asparagine was present at an a position, it is highlighted in blue.  
Any other mutations made throughout the heptad repeat is highlighted in pink.  Numbers on the 
left-hand side of the helix represent the amino acid number in the sequence.  (A-F) Heptad maps 
of Zipper2-Zipper_A5(N) respectively. 
 
Zipper3 was mutated in similarly to the asparagine placements of the Zipper2 mutations.  
Mutations were done at the a2, a3 and a5 positions, individually (Table 18).  Highlighted in blue 
in the table are the locations of mutations where an asparagine replaced a leucine at various a 
positions.  In other words, looking at mutations done on the same protein has very different 
binding than with a protein of different composition, allowing for much more variation. 
Mutations were made and confirmed through sequencing.  The sequences were plotted on KS 
lattices with respective propensities and heptad maps (Figure 38-39).  The leucine zipper of the 
binding region is highlighted in yellow with the mutation highlighted in blue. 
A B D E F C 
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Table 18 
Sequences of Zipper3 and Its Mutants.  The wild-type and mutant sequences are shown.  


















Figure 38.   Propensity maps of Zipper3 and its mutants.  The propensity maps were made using 
a colorimetric scale.  Numbers on the left-hand side of the helix represent the amino acid number 
in the sequence.  (A-D) Propensity maps of Zipper3-Zipper3_A5(N) respectively.  (E) KS 
colorimetric propensity scale key.  A colorimetric representation was established to act as a 
visual representation of a free/filled socket’s propensity.  The color (blue or red) represents the 
relative frequency of being free or filled, respectively, while the hue of the color relates to the 
propensity of the socket. 
 






Figure 39.  Heptad maps of Zipper3 and its mutants.  Highlighted in yellow are the heptad repeat 
positions a and d.  When an asparagine is present at an a position, it was highlighted in blue.  
Numbers on the left-hand side of the helix represent the amino acid number in the sequence.  (A-
D) Heptad maps of Zipper3-Zipper3_A5(N) respectively. 
 
Once all the mutations were completed and confirmed through sequencing, binding 
assessments were done.  The assessments were done using a bacterial adenylate cyclase two-
hybrid (BACTH) system.  The assay worked using in vivo screening and selection of protein-
protein interactions.  As an indirect reporter of protein binding, the BACTH system functioned 
A B D C 
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through the reconstitution of adenylate cyclase in cya- strain of Escherichia coli (E. coli).  2 
proteins of interest were integrated with a T18 and T25 regions accordingly.  When an 
interaction occurred, the T18 and T25 domains came together to form active adenylate cyclase 
that in turn generated cAMP.  The cAMP binds to CAP and then activates the lactose operon, 
which was measure by -galactosidase activity.63, 64  Completion of each individual assay was 
the same, no matter the constructs.  Each construct was co-transformed into BTH101 cells due to 
a better transformation efficiency, rather than the DHM1.  Screening and selection of cells were 
done to confirm interactions.  Each interaction test was done in triplicate.  Data was collected in 
Miller Units, which incorporates the absorbance of -galactosidase activity (A400), cell density 
(A600) and time for completion of the assay (minutes).  The positive control was a construct 
containing the protein GCN4 leucine zipper attached to T18 and T25 domains, which is known 
to homodimerize.  While the negative construct contained the T18 and T25 domains alone.  To 
confirm significance of the results, an analysis of variance (ANOVA) (Appendix Figures S24-
35) was used in comparison to the negative control.  Any significant difference was defined as 
the proteins interacting, while no significant difference was defined as no protein interaction. 
The first set of assays done was with the base zippers (Figure 40).  The presence of the 
hydrophobic path and nothing, hypothetically, controlling specificity, therefore all of the proteins 
should interact with one another.  Binding among all the base zippers, abbreviated Z1, Z2, Z3, 
occurred.  If an asparagine was present as a knob or acting as part of a socket, the polar side 
chain as a knob should not be able to pack into a hydrophobic socket.  In the case where an 




Figure 40.  BACTH results summary for the interactions of the base zippers. Base zippers in the 
T18 construct are shown on the x-axis, while T25 constructs are on the y-axis. The results are 
presented on a grid and shows whether or not the proteins on either axis interact.  Blue indicates 
dimerization, while yellow shows that they do not interact.   
 
The next set of assays done were with Zipper1 and its mutants (Figure 41).  Z1 should not 
be able to bind with any of the mutants because of the presence of an asparagine.  Zipper1’s 
mutants were obtained using a primer with no specificity, so several outcomes were obtained.  
The mutants were named/numbered on the order their sequence was confirmed and abbreviated 
Z1_A(N)_1-5.  Z1_A(N)_1 was shorter than Z1 and has an asparagine at the a7 position.  Based 
on previous studies,31, 56, 78 it has been shown that placement of an asparagine was the key to how 
proteins interact.  In other words, an asparagine at the a7 position would only bind with other 
proteins at the a7 position.  It was also shown that there was some “slippage” to this theory.  
Proteins were restricted to binding only to proteins with an asparagine in registers 1 above or 
below its own.  Therefore, Z1_A(N)_1 should be able to interact with any of the mutants that 
have an asparagine at the a6, a7 or a8  position.  It was expected for Z1_A(N)_1 to bind to itself 
and Z1_A(N)_2.  Asparagines were located at the a2, a6, a7, a1, and a12 on Z1_A(N)_2.  
Accordingly, these should not be able to bind with Z1 or any of its mutants other than itself.  
Like Z1_A(N)_2, Z1_A(N)_3 should only be able to homodimerize based on its placement of 
asparagines at the a2, a3, a4, and a5 positions.  Yet, when talking about the slippage, this was not 













Z1_A(N)_5 both have asparagines at the a2 and a3 positions and should therefore bind to one 
another and homodimerize. 
The results were not as expected.  Z1 was predicted to not bind with any of the mutants, 
but contrary to expectations, it was able to bind with all the mutants except for Z1_A(N)_5.  
Z1_A(N)_1-3 were also able to bind with all mutants other than Z1_A(N)_5.  Because 
Z1_A(N)_1 could not be cloned into both the pUT18C and pKT25 vector, homodimerization 
could not to be tested.  Finally, Z1_A(N)_5 was not able to bind with any of the mutants yet 
could homodimerize.  Reanalysis of the structures of Z1 and its mutants suggest that binding was 
possible due to the strength of the binding region of the designed protein, and thus binding 
occurred at areas other than where the asparagine was located.  The same concept explains non-
binding with Z1_A(N)_5, but in reverse, such that there was not enough room around the 
position of the asparagine. Further investigation as to the broad specificity will be necessary. 
 
 
Figure 41.  BACTH results summary for the interactions of the Zipper1 and its mutants.  Base 
zippers in the T18 construct are shown on the x-axis, while T25 constructs are on the y-axis. The 
results are presented on a grid and shows whether or not the proteins on either axis interact.  Blue 
indicates dimerization, while yellow shows that they do not interact.  Interactions that were not 
















































Zipper2, abbreviated Z2, was mutated to test the common theories of specificity.  First, 
position of asparagine was test, where the most common placements were a3 and a5. An a2 
position was also a mutant to test the slippage theory.  Analysis of proteins revealed asparagine 
positions that did not allow dimerization.  A common feature was the presence of like charged 
residues at the e and g positions surrounding the asparagine position.  In the dimer interact, the 
same charge amino acid would cause a charge repulsion and inhibit binding.  Mutants were 
named using the following convention.  From the name of base zipper that was mutated, the 
notation used the exact position in the heptad repeat and the mutated residue.  For example, if the 
a2 position of the heptad was being mutated to an asparagine, the mutant would be named 
Z2_A2(N).  When there is more than 1 mutation, the mutations will be listed in order and 
separated by an additional underscore.  Based on our model of bind, the following predictions of 
binding are expected.  Z2 should only be able to homodimerize. Z2_A2(N) should be able to 
homodimerize and bind to Z2_A3(N) based on the theory of slippage, but not bind with any 
other mutants of Z2.  The same principle applies to Z2_A3(N) as to Z2_A2(N).  When adding 
the charged residues in addition to a positioned asparagine, the mutant should be able to interact 
whenever an a2 and a3 asparagine was present, but the mutant should not be able to form a 
homodimer.  Z2_A5(N) should only be able to homodimerize.  The theory of slippage does not 
apply to this mutant, because slippage was only observed within 1 heptad distance.  The results 
again were not as expected for Z2 and its mutants (Figure 42).  No matter the mutation, all Z2 
proteins interacted.  Through the analysis of structure, the strength of the binding region 
outweighed the area of repulsion that may arise from the presence of an asparagine. 
Zipper3, abbreviated Z3, was mutated to compliment the mutations of Z2.  It was 
believed that the similarity of the sequence of Z2 and its mutants may have been a cause as to  
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Figure 42.  BACTH results summary for the interactions of the Zipper2 and its mutants.  Base 
zippers in the T18 construct are shown on the x-axis, while T25 constructs are on the y-axis. The 
results are presented on a grid and shows whether or not the proteins on either axis interact.  Blue 
indicates dimerization, while yellow shows that they do not interact. 
 
why binding was occurring easily.  Mutations were made at the a2, a3, and a5 positions ,where a 
leucine was mutated to an asparagine.  The mutant names followed the same denotation as the 
mutants for Zipper2.  First, all Zipper3 mutants were tested against each other (Figure 43).  The 
expected results were every protein should be able to homodimerize yet not interact with proteins 
that do not have an asparagine within 1 heptad of its own.  The results again showed that the 
asparagines imparted no specificity.  Every protein was able to interact with the rest regardless of 
its asparagine placement.  The reasoning was still believed that the binding path was still strong 
enough surrounding the repulsion.  Next, all Z2 and its mutants were tested against all Z3 and its 
mutants (Figure 44).  Based on previous studies, again the expected results are that every protein 
should be able to homodimerize yet not interact with proteins that do not have an asparagine 
within 1 heptad.  Once again, the results of the interactions were not as expected.  Meaning the 
























































Figure 43.  BACTH results summary for the interactions of the Zipper3 and its mutants.  Base 
zippers in the T18 construct are shown on the x-axis, while T25 constructs are on the y-axis. The 
results are presented on a grid and shows whether or not the proteins on either axis interact.  Blue 
indicates dimerization, while yellow shows that they do not interact. 
 
 
Figure 44.  BACTH results summary for the interactions of the Zipper2 and Zipper3 and their 
mutants.  Base zippers in the T18 construct are shown on the x-axis, while T25 constructs are on 
the y-axis. The results are presented on a grid and shows whether or not the proteins on either 















































































































Asparagines in the pathway were known to control specificity but also decrease the 
affinity.  When analyzing the KS lattices of the mapped zippers and their mutants, a lighter hue 
was seen surrounding the asparagine residue, indicating lower propensity for binding.  This 
observation suggested that the lowered affinity has a direct correlation to propensities.  To test 
this theory, propensities were calculated for all the base zippers and their mutants (Table 19).   
 
Table 19 
Base Zippers and Their Mutants’ Binding Region Propensity Comparison.  Socket propensities 
were obtained from http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  All socket 
propensities in the binding region of the respective proteins were added together to obtain the 
binding region propensity value.  To ensure that the total propensity values could be compared 
for every protein, no matter the length, the binding region propensity value was divided by the 
total number of sockets in the binding region to give the average socket propensity. 
 
Construct Binding Region Propensity Average Socket Propensity 
Zipper1 292.61 9.754 
Zipper1_A(N)_1 221.32 8.512 
Zipper1_A(N)_2 325.56 6.511 
Zipper1_A(N)_3 163.21 5.440 
Zipper1_A(N)_4 111.09 6.172 
Zipper1_A(N)_5 33.21 3.321 
Zipper2 134.97 7.939 
Zipper2_A2(N) 103.96 5.776 
Zipper2_A3(N) 123.85 6.881 
Zipper2_A3(N)_G2(K) 123.28 6.849 
Zipper2_A3(N)_E3(E) 125.41 6.967 
Zipper2_A5(N) 115.12 6.396 
Zipper3 231.57 11.579 
Zipper3_A2(N) 192.47 9.624 
Zipper3_A3(N) 192.47 9.624 
Zipper3_A5(N) 195.73 9.787 
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These were calculated by adding the propensities of the binding region, where the 
characteristic heptad repeat begins.  Typically, this was looking for the first hydrophobic a 
position and a leucine at the d position.  Because the mutants were different lengths and 
consisted of a different number of total heptads in its binding region, the average socket 
propensity calculated to allow a fairer comparison.  As predicted, the mutant zippers the average 
socket propensities were lower in comparison to the base zippers.  The main difference between 
the base zippers and its mutants were the presence of one or more asparagines.  The times when 
there was a mutation that was not an asparagine, there was not a big difference in average socket 
propensity.  When more than 1 asparagine was present there was a major decrease in propensities 
for Zipper1_A(N)_2, Zipper1_A(N)_3 and Zipper1_A(N)_4.   
Based on the results of the propensity analysis, a new mutant was designed to attempt to 
lower the strength of the binding region. The new mutant designed was based on the 
incorporation of 2 asparagines rather than the single asparagine found in the previous mutants.  
Although, there was not a significant change in propensities when mutating outside of the 
hydrophobic seam, charged residues at the g position were kept in order to further allow for 
specificity.  Zipper2 was chose as the base zipper, and the mutant, Zipper2_A3(N)_G2(K) acted 
as the basis of our future mutant. structure being closest to what is found in nature.  Zipper3 and 
its mutants had too high of a propensity in comparison to Zipper2 and its mutants.  When further 
analyzing the natural bZIP proteins, some were found to have asparagines at the a3 and a5 
positions. So, an asparagine was mutated at the a5 position of Zipper2_A3(N)_G2(K). The new 
mutant, Zipper2_A3(N)_G2(K)_A5(N), has its sequence shown in Table 20 with the Zipper2 and 





Sequences of Zipper2 and Its Double and Triple Mutant.  The wild-type and mutant sequences 
are shown.  Highlighted in blue are the mutation placement of an asparagine at the a position.  













Another propensity comparison was done to find the differences between the 3 proteins 
(Table 21).  With a single additional asparagine at the a5 position, there was a major change in 
propensity.  The propensity maps and heptad maps for Zipper2 and its double and triple mutant 
are shown in Figures 45 and 46.  From the propensity map, the difference in color of the binding 
region can be seen, indicating the presence of the asparagine.  This heptad map gives an easier 
view of the differences in the KS lattice due to mutations. 
 
Table 21 
Zipper2 and Its Double and Triple Mutant Binding Region Propensity Comparison.  Socket 
propensities were obtained from http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  All 
socket propensities in the binding region of the respective proteins were added together to obtain 
the binding region propensity value.  To ensure that the total propensity values could be 
compared for every protein, no matter the length, the binding region propensity value was 
divided by the total number of binding region sockets to give the average socket propensity. 
 
Construct Binding Region Propensity Average Socket Propensity 
Zipper2 134.97 7.939 
Zipper2_A3(N)_G2(K) 123.28 6.849 
Zipper2_A3(N)_G2(K)_A5(N) 95.89 5.327 
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BACTH assays were conducted with the new Zipper2 triple mutant.  The mutant was 
tested against Zipper2 and all its mutants and Zipper3 and all its mutants (Figure 47).  The 
mutant should have only been able to homodimerize.  The results were again not as expected.  
Just as before, Zipper2_A3(N)_G2(K)_A5(N) bound with all protein it was tested against, 






Figure 45.  Propensity maps of Zipper2 and its triple mutant.  The propensity maps were done 
using a colorimetric scale.  Numbers on the left-hand side of the helix represent the amino acid 
number in the sequence.  (A-C) Propensity maps of Zipper2-Zipper2_A3(N)_G2(K)_A5(N) 
respectively.  (D) KS colorimetric propensity scale key.  A colorimetric representation was 
established to act as a visual representation of a free/filled socket’s propensity.  The color (blue 
or red) represents the relative frequency of being free or filled, respectively, while the hue of the 










Figure 46.  Heptad maps of Zipper2 and its triple mutant.  Highlighted in yellow are the heptad 
repeat positions a and d.  When an asparagine was present at an a position, it is highlighted in 
blue.  Any other mutations made throughout the heptad repeat is highlighted in pink.  Numbers 
on the left-hand side of the helix represent the amino acid number in the sequence.  (A-C) 
Heptad maps of Zipper2-Zipper_A3(N)_G2(K)_A5(N) respectively. 
 
A B C 
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Figure 47.  BACTH results summary for the interactions of the Zipper2 and its mutants 
(including the triple mutant) and Zipper3 and its mutants.  Base zippers in the T18 construct are 
shown on the x-axis, while T25 constructs are on the y-axis. The results are presented on a grid 
and shows whether or not the proteins on either axis interact.  Blue indicates dimerization, while 
yellow shows that they do not interact   
 
The hypothesis that the binding region is too strong may not be the only reason that 
specificity with asparagines was not found.  To test any flaws to the design of the protein, the 
designed proteins were tested against naturally occurring bZIP proteins.  The naturally occurring 
bZIP proteins that were chosen were cJun, p21SNFT and CREB4.  These were chosen based on 
previous studies that were done.  From  those previous studies, it was shown that the asparagine 
register determined if interactions were possible.  These results were found when the BACTH 


































































































at the a3 position.  Meanwhile, CREB4 with an asparagine at the a3 and a5 position did not 
dimerize with either cJun and p21SNFT.59  In an attempt to demonstrate that asparagine register 
defined specificity, mutations were made to these natural bZIP proteins.  Mutations were made to 
match the asparagine(s) in the different registers.  So, an asparagine was added to the a5 position 
of cJun and p21SNFT, while the asparagine at the a5 position was removed from CREB4 and by 
replacing it with a leucine.  In addition to the removal the asparagine in CREB4, a histidine at the 
g4 position needed to be mutated to a glutamine, which was necessary to recover 
homodimerization with this ∆CREB4 sequence.  This additional change at a g position points out  
that the residues in the a position hexagon contribute to binding specificity.  Sequences for the 
natural bZIP proteins and their mutants are listed in Table 22.79  Highlighted in yellow are the 
original asparagine placements, while the other highlighted areas represent the changes made to 
the sequences through mutations.  Following the table of sequences are the propensity (Figure 
48) and heptad maps (Figure 49).  The propensity map reveals the change in the binding region 
propensity for packing when an asparagine is present.  Overall, the binding strength/propensity is 
lower as shown by the fainter colors seen when the asparagine is present.  The heptad map 
provides a clear depiction of the mutational differences in the KS lattice between sequences.  
BACTH assays were completed with the natural bZIP proteins, their mutants, Zipper2 
and its mutants (Figure 50).  It was expected that dimerization should only be able to occur 
between proteins with asparagines in the same register or those within 1 register.  By testing the 
designed proteins with naturally occurring, the hope was to shed some light on possible design 
errors.  Again, the results were not as expected, as the design proteins exhibited no specificity 
that was shown by interactions with the natural leucine zippers.  Interactions were seen between 
all the bZIP proteins and their mutants with Zipper2 and its mutants.  The only interaction that 
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showed some indication of specificity was between Zipper2 and ∆p21SNFT with asparagines at 
the a3 and a5 positions, which was expected.  Boxed in black on the BACTH heat map were the 
interactions that were done in the previous studies.59, 79  The results that were obtained gives us 
insight into how to improve our protein design that requires further investigation. 
 
Table 22 
Sequences of bZIP Proteins and Their Mutants.  The wild-type and mutant sequences are shown.  
Highlighted in yellow are original positions of the asparagine at the a position.  Highlighted in 
blue are the mutation placement of an asparagine at the a position.  Highlighted in pink are any 





































Figure 48.  Propensity maps of bZIP proteins and their mutant.  The propensity maps were done 
using a colorimetric scale.  Numbers on the left-hand side of the helix represent the amino acid 
number in the sequence.  (A-F) Propensity maps of cJun – ∆CREB4_H48Q respectively.  (G) KS 
colorimetric propensity scale key.  A colorimetric representation was established to act as a 
visual representation of a free/filled socket’s propensity.  The color (blue or red) represents the 
relative frequency of being free or filled, respectively, while the hue of the color relates to the 















Figure 49.  Heptad maps of bZIP proteins and their mutant.  Highlighted in yellow are the heptad 
repeat positions a and d.  When an asparagine is present at an a position, it was highlighted in 
blue.  Any other mutations made throughout the heptad repeat is highlighted in pink.  Numbers 
on the left-hand side of the helix represent the amino acid number in the sequence.  (A-F) Heptad 








Figure 50.  BACTH results summary for the interactions of the bZIP proteins and their mutant 
and Zipper2 and its mutants.  Base zippers in the T18 construct are shown on the x-axis, while 
T25 constructs are on the y-axis. The results are presented on a grid and shows whether or not 
the proteins on either axis interact.  Blue indicates dimerization, while yellow shows that they do 
not interact.  Interactions that were not tested are colored gray. Boxed are interactions previously 
done and reported. 
 
 
 The KS model was used to design these leucine zipper coiled coil proteins.  The model, 
in terms of design, optimizes the binding path and non-binding regions to maximize helical 
content.  This was accomplished through the relative frequency of filled versus free sockets and 
socket propensities.  Designing the binding path, for example, required the relative filled 
frequency to be over 0.50 and with a favorable propensity over 1.0.  Certain amino acids were 





















































































































within the sequence.  From there, amino acids were filled in according to the typical amino acids 
in the heptad repeat and whether its particular placement was in the binding or nonbinding 
region.  Choosing the best socket had to fulfill both requirements, relative filled or free 
propensity over 0.50 and a socket propensity of over 1.0. Ultimately, the one that provided the 
best relative filled frequency and highest propensity was chosen.  Based on the BATCH results, 
this may not have been the best method, because the binding region of the proteins seemed to be 
too strong.  To compare the binding region of the designed Zipper2 and its mutants, the 
propensities were compared to the naturally occurring bZIP proteins (Table 23).  It was found  
 
Table 23 
Zipper2 and Its Mutants Versus Naturally Occurring bZIP Proteins and Their Mutants – Binding 
Region Propensity Comparison.  Socket propensities were obtained from 
http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  All socket propensities in the 
binding region of the respective proteins were added together to obtain the binding region 
propensity value.  To ensure that the total propensity values could be relative for every protein, 
no matter the length, the binding region propensity value was divided by the total number of 
sockets in the binding region.  This calculation gives the average socket propensity. 
 
Construct Binding Region Propensity Average Socket Propensity 
Zipper2 134.97 7.939 
Zipper2_A2(N) 103.96 5.776 
Zipper2_A3(N) 123.85 6.881 
Zipper2_A3(N)_G2(K) 123.28 6.849 
Zipper2_A3(N)_G2(K)_A5(N) 95.89 5.327 
Z2_A3(N)_E3(E) 125.41 6.967 
Zipper2_A5(N) 115.12 6.396 
cJun 101.17 5.074 
∆cJun 87.55 4.378 
p21SNFT 113.16 5.658 
∆p21SNFT 81.19 4.060 
CREB4 90.78 3.783 
∆CREB4_H48Q 124.42 5.184 
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that the binding regions of Zipper2 and its mutants had a much greater average socket propensity 
than the bZIP proteins.  Even with 2 asparagines in the binding path, Zipper2 still had a higher 
average socket propensity than the bZIP proteins containing a single asparagine.  Thus, showing 
that the binding region was designed to be too strong.  The application of the KS model allows 
the design of perhaps overly optimized proteins with high affinity that do not allow for 
specificity.  The KS model can be applied to reproduce the naturally occurring protein 
interactions and further analysis of the necessary features to allow specificity are necessary.  
Although over optimization has occurred in the designed proteins, the results are a helpful point 
of departure.  With this in mind, further mutations could be made to create a protein that builds 
in specificity and affinity.  
The conclusion that the binding region propensity is too high as the only reason for the 
lack of designed specificity required further analysis. As shown in the helical hexagons, the e 
and g positions also contributed to the binding region.  Based on its location and orientation in 
the helix, the e1 and g-1 positions, in relation to the a position of the heptad, are known to interact 
with one another across the dimer interface (Figures 51 & 52)80.  Figure 51 shows the pair in a 
salt-bridge, while Figure 52 show the network of salt-bridges that stabilize a dimer interface. As 
shown in Figure 52, a homodimer like cJun forms 2 salt bridges from each heptad repeat that can 
be found generally. The analysis shows that these e and g positions give rise to different types of 
bonds such as hydrogen bonds, salt bridges and repulsive bonds.  For Zipper2, similar possible 
hydrogen bonds, salt bridges and repulsive interactions across the dimer interface were 
investigated.  In Table 24, the results from the analysis show quite a difference.  For bZIP 
proteins the average number of salt bridges was ~3 while Zipper2 had 6.  In terms of hydrogen 
bonds bZIP proteins had an average of 5 to 6 while Zipper2 only had 4.  Finally, the average 
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Figure 51.  cJun parallel homodimer snapshot highlighting e and g positions.  A single snapshot 
was taken using UCSF Chimera for the g-1 and e1 interactions across the cJun homodimer. The e 
position glutamate points towards the N-terminus and the g position lysine points toward the C-
terminus to form the salt-bridge.  (A) Ball and stick model of the homodimer.  (B). Space filling 
model of the homodimer.80 
 
              
 
Figure 52.  e and g positions of cJun parallel homodimer.  The e and g positions are highlighted 
to show the formation of a network of 4 salt-bridges from 2 heptad repeats stabilizing the dimer 
interface.  It can be seen that only the g-1 and e1 positions in relation to the relative a position is 
able to interact based on their orientations, as described in Figure 51. (A) The ball and stick 




number of repulsive interactions found in bZIP proteins was 0.364 or close to zero, which was 
the same in Zipper2.  These differences may not seem major, but the interactions in the designed 
proteins increase stability and do not allow for specificity.  Having fewer numbers of hydrogen 
bonds in comparison to salt bridges would cause higher affinity binding due to the strength of 
salt bridges bonds.  This over-engineering of interactions may be the major reason for the lack of 
specificity.  So, to conform to the numbers and types of interactions found in naturally occurring 
proteins, the Zipper2 sequence needs a number of mutations, which would theoretically lower 
the propensity of the binding region.  
 
Table 24 
Binding Region Bond Composition Comparison.  20 bZIP proteins and Zipper2 were analyzed 
and compared for dimerization patterns contributed by the e and g positions of the heptad.  The 
possible types of bonds that were looked at were salt bridges, hydrogen bonds and repulsive 
interaction(s).  The differences between the averages found for the bZIP protein differed quite 
dramatically from Zipper2.  These results provide insight into the mutations and interaction 
changes to allow for specificity. 
 
Construct Salt Bridge(s) Hydrogen Bond(s) 
Repulsion 
Interaction(s) 
bZIP 2.727 5.455 0.364 
Zipper2 6 4 0 
 
 A total of 7 mutations were designed.  Mutations were made to analyze which types of 
interaction changes would lead to specificity in dimerization.  Each mutation incorporated 
individually and will be tested against the other mutants and bZIP proteins.   The goal of the 
mutations was to lower the average socket propensity and to make the number of hydrogen 
bonds and salt bridge bonds similar to what was found in naturally occurring bZIP proteins.  The 
mutations were made stepwise throughout the sequence of Zipper2.  So, 2 new base zippers 
Zipper2.1, and Zipper2.2 were designed without asparagines at any a position throughout the 
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sequence.  Zipper2.a was designed as an intermediate to the base zippers Zipper2.1 and 
Zipper2.2, and therefore, will not technically be considered one of the new base zippers.  The 
goal of the changes in base zipper is to create the asparagine based specificity originally desired 
in the design of these leucine zippers.  So, as was done previous with every other base zipper, 
asparagines were added throughout the sequence at particular registers: at the a3 position alone 
and a3 and a5 position.  These choices were influence by the frequency found in naturally 
occurring bZIP proteins as well as the successful study of the bZIP specificity in the sequences 
of CREB4, p21snft, and cJun. The sequences for the new mutations are found in Table 25. 
 
Table 25 
Sequences of Zipper2-2.2_A3(N).  The base and mutant sequences are shown.  Highlighted in 
blue are the mutation placement of an asparagine at the a position.  Highlighted in pink are other 




























 Again, the newly designed sequences were analyzed for their average socket propensity 
and bond composition (Table 26).  With each new mutation, the propensities and bonds 
approached those occurring naturally in bZIP proteins.  The primers were made for all of these 
mutations, but the base sequences have not yet been mutated.  The mutations and interactions 
will be continued in the lab and will be reported later on.  The new mutations will be tested 
against themselves and the bZIP proteins used previously.  The results are expected as before, 
where homodimerization should occur for every protein.  Dimerization is only expected for those 
that have an asparagine in the same register otherwise an interaction should not be seen.  A 
hypothetical BACTH assay heat map has been included (Figure 53) to show expected results of 
Zipper2 and its new mutants and the bZIP proteins.  If interactions do not occur as expected with 
Zipper2.1, it is hoped to work with Zipper2.2. 
 
Table 26 
Binding Region Bond (Zipper2-2.2_A3(N)) Composition Comparison.  20 bZIP proteins and 
Zipper2 were analyzed and compared.  Average socket propensity and the bonds formed at the e 











bZIP 4.833 2.727 5.455 0.364 
Zipper2 7.939 6 4 0 
Zipper2.a 7.434 4 6 0 
Zipper2.1 7.936 4 4 0 
Zipper2.1_A3(N) 6.798 4 4 0 
Zipper2.1_A3(N)_A5(N) 5.276 4 4 0 
Zipper2.2 7.619 2 6 0 
Zipper2.2_A3(N) 6.632 2 6 0 




Figure 53.  BACTH results summary for the interactions of the bZIP proteins and their mutant 
and Zipper2 and its new mutants.  This is a hypothetical map except for the interactions in the 
boxed area. Base zippers in the T18 construct are shown on the x-axis, while T25 constructs are 
on the y-axis. The results are presented on a grid and shows whether or not the proteins on either 
axis interact.  Blue indicates dimerization, while yellow shows that they do not interact. Boxed 
are interactions previously done and reported. 
 
Conclusion 
 The purpose of this project was to be able to create and control binding specificity of de 
novo proteins.  This work sought to design protein dimerization based on a KS analysis of the 
coiled-coil heptad patterns.  Base zippers were designed with a complete hydrophobic seam, 
meaning an asparagine was not present at the a position.  Asparagines were thought to be the key 










































































































specificity. Specificity could be created and controlled though rational changes to the sequence.  
To start, 3 base zippers in total were designed: 1) a heptamer repeat, 2) most resembling a bZIP 
protein, and 3) leucines were used at the d position at the a position.  Each of the designed 
zippers were run through BLAST to ensure that they were not close to already known sequence 
in nature.  Sequences were then run through a 2º structure prediction program to ensure that 
sequences favored an -helical protein.  The proteins were purified and run through structural 
and stability experimental testing.  These initial studies were to test the initial design of the 
proteins and to ensure that they were -helical and stable prior to proceeding to interaction 
studies. 
 Dimerization was studied using the BATCH assay system, which uses adenylate cyclase 
formation and formation of cAMP as a secondary reporter. Therefore, the zipper sequences were 
inserted into pUT18C and pKT25 vectors.  By containing the 2 halves of the enzyme adenylate 
cyclase, these vectors allowed us to measure protein interactions.  Once inserted, mutations were 
made to the base zippers by mutations to place asparagines at the a position.  Not only was the 
presence of the asparagine important, but its register also mattered.  The registers chosen were 
the a2, a3 and a5 positions.  The a2 position was used to test a theory of slippage that has been 
seen through interactions of naturally occurring bZIP proteins.  This idea of slippage is that if 
proteins possessing an asparagine within 1 register of one another would be able to interact.  In 
this case, the slippage was tested on interactions between the a2 and a3 registers.  The a3 position 
is the most frequently seen register where an asparagine was present.  Finally, the a5 register was 
seen sometimes alone but was also seen in combination with a3.  These mutations were not only 
tested against each other but also against the original base zippers.  The expectations of the 
interactions were that homodimerization should always occur but when an asparagine was 
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present, but the asparagine register has to be within 1 register of one another to bind.  
Unexpectedly, binding was fond regardless an asparagine was present and regardless of 
asparagine placement. 
 The result led us to investigate affinity and its relationship to specificity. The initial 
thought was that the binding region was just too strong and could overcome the interruption in 
binding when an asparagine is present.  This was possible due to the remainder of the binding 
region’s strength, which resulted was dimerization.  In effect, the protein had been over-designed 
to create a very strong binding seam. This was proven through an investigation of propensity 
values.  Further studies were performed to prove that the strength of the binding region was 
overcoming specificity. So, interactions were done with naturally occurring bZIP proteins.  Only 
Zipper2 and its mutants used further, since the propensities of Zipper1 mutants fluctuated too 
much and Zipper3 mutants was abnormally high.  Again, the results showed no real indication of 
binding specificity.  Analysis of the propensities between Zipper2 and the bZIP proteins showed 
that Zipper2 had many interactions that favored dimerization.  To decrease the strength, further 
mutations needed to be made, based on a more in-depth analysis of the other interactions around 
the binding seam.  In particular, an analysis of the e and g positions were done.  The e and g 
positions also contributed to dimerization through hydrogen bonding and salt bridging.  What 
was found was that the amount of hydrogen bonds in Zipper2 were less than that found in 
naturally occurring bZIP proteins, but Zipper2 had more stabilizing salt bridges across the 
interface.  The finding of more salt bridging could contribute to the over-design and lack of 
specificity was interesting.  Primers were designed to remove some of the salt bridges in 
Zipper2.  Residues were chosen to create more hydrogen bonding as seen in naturally occurring 
bZIP proteins.  Mutations were designed to create new base zippers and later on asparagines will 
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be mutated at certain registers.  Creation and characterization of these mutants for stability, 
structure, and dimerization will be done in the future. 
 The overall goal of creating and controlling specificity was not accomplished.  Instead, 
specificity was diminished due to over-design of affinity and stability. The ability to take away 
specificity has not yet been discovered and can provides insight into understanding the 
relationship between specificity and affinity in protein binding.   While the results are 
concerning, these results are beneficial, since the work has slowly uncovered the relationship 
between specificity, affinity, and protein stability.  In particular, asparagines at the a position are 
only part of the overall contribution to control specificity.  Through this research, it was found 
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Figure S1.  Propensity analysis of Zipper1.  Socket propensities were obtained from 
http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  Column 1 on the left-hand side 
represent each individual socket of the sequence.  Column 2-21 are all the possible amino acids 
that could act as a knob and the probability of each packing into the respective socket.  Column 
22 and 23 are the relative frequency of the respective socket being filled or free.  The last 
column, column 24, is the total propensity for the particular socket. 
Socket W P G Y F V I L A E K R Q D S T N M H C Filled Free Total
1 : A:SE 0.09 0.09 0 0.17 0.06 0.09 0 0.06 0.06 0 0.17 0.14 0 0 0.06 0 0.03 0 0 0 0.24 0.76 2.18
1 : AQ:E 0 0.02 0.02 0.22 0.02 0.04 0.07 0.18 0.02 0.02 0.02 0.11 0.09 0.04 0.02 0.07 0 0.02 0 0 0.2 0.8 3.32
2 : Q:EL 0.03 0.03 0.02 0.1 0.11 0.07 0.11 0.25 0 0.01 0.04 0.08 0 0.02 0 0.05 0.03 0.01 0.06 0 0.33 0.67 4.65
2 : QQ:L 0.06 0 0 0.07 0.13 0.11 0.06 0.33 0.02 0.02 0 0.02 0.02 0 0.02 0.09 0 0.02 0.02 0.02 0.38 0.62 2.11
3 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
3 : QS:A 0 0 0.02 0.05 0.09 0.11 0.05 0.25 0.04 0.02 0.07 0.05 0.02 0.05 0.04 0.04 0 0.04 0.02 0.04 0.45 0.55 1.8
4 : S:AK 0.03 0.01 0.08 0.05 0.15 0.07 0.11 0.11 0.13 0.04 0.01 0 0 0.05 0.01 0.01 0.07 0.05 0.01 0 0.38 0.62 2.89
4 : SE:K 0 0.03 0 0.14 0.03 0.03 0 0.14 0.03 0.07 0.1 0 0.03 0 0.17 0 0.07 0.14 0 0 0.12 0.88 3.67
5 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
5 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
6 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
6 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
7 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
7 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
8 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
8 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
9 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
9 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
10 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
10 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
11 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
11 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
12 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
12 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
13 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
13 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
14 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
14 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
15 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
15 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
16 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
16 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
17 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
17 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
18 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
18 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
19 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
19 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
20 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
20 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
21 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
21 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
22 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
22 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
23 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
23 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
24 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
24 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
25 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
25 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
26 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
26 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
27 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
27 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
28 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
28 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
29 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
29 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
30 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
30 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
31 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
31 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
32 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
32 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
33 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
33 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
34 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
34 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
35 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
35 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
36 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
36 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
37 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
37 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
38 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
38 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
39 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
39 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
40 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
40 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
41 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
41 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
42 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
42 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
43 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
43 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
44 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
44 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
45 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
45 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
46 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
46 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
47 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
47 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
48 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
48 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
49 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
49 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
50 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
50 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
51 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
51 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
52 : Q:LA 0.04 0.06 0.04 0.06 0.1 0.1 0.14 0.17 0.06 0.02 0.01 0.02 0.03 0 0.02 0.02 0.01 0.03 0.04 0.01 0.41 0.59 5.85
52 : QQ:A 0.07 0.09 0 0.11 0.11 0.12 0.07 0.14 0 0.04 0.02 0.04 0.05 0 0.04 0.04 0.02 0.05 0.02 0 0.28 0.72 3.06
53 : Q:AK 0.09 0 0 0.16 0.11 0.11 0.04 0.12 0.07 0.12 0.02 0.02 0 0 0.02 0 0.02 0.09 0.02 0 0.34 0.66 2.46
53 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
54 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
54 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
55 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
55 : LA:Q 0.04 0.07 0 0.09 0.02 0.09 0.09 0.16 0.01 0.07 0.03 0.04 0.02 0.02 0.04 0.02 0.03 0.09 0.01 0.04 0.39 0.61 3.7
56 : A:QQ 0.08 0.04 0.12 0.04 0.04 0.12 0.17 0 0.04 0.04 0.12 0.04 0.04 0 0.04 0.04 0 0 0 0 0.13 0.87 2.82
56 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
57 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
57 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
58 : L:ES 0.04 0.02 0 0.04 0.15 0.07 0.18 0.15 0.04 0.02 0.02 0.11 0.05 0 0 0.05 0 0.04 0.04 0 0.39 0.61 2.08
58 : LQ:S 0.02 0.02 0.04 0.04 0.31 0.12 0.12 0.16 0.04 0.04 0 0.04 0.02 0 0 0 0 0 0.04 0 0.48 0.52 1.59
59 : Q:SK 0 0.08 0 0 0 0.08 0 0.17 0.08 0.17 0 0.25 0.08 0 0 0.08 0 0 0 0 0.15 0.85 1.22
59 : QQ:K 0.08 0 0.08 0.15 0.15 0 0 0.08 0 0.08 0.08 0 0 0.15 0.08 0 0 0.08 0 0 0.1 0.9 1.93
60 : Q:KA 0.02 0.02 0.02 0.12 0.17 0.1 0 0.15 0.05 0 0.07 0.05 0.02 0.05 0 0.02 0.07 0.05 0 0 0.2 0.8 3.1
60 : QE:A 0.04 0.02 0 0.04 0.09 0.15 0.04 0.09 0 0.09 0.04 0.11 0.04 0 0.02 0.11 0 0.06 0.02 0.04 0.2 0.8 3.55
61 : E:AQ 0.03 0.02 0.02 0.08 0.05 0.05 0.09 0.13 0.01 0.05 0.09 0.17 0 0 0.06 0.03 0.03 0.05 0.03 0 0.27 0.73 4.75






Nucleotide and Amino Acid Sequences of Zipper2.  Highlighted in yellow are the restriction 
enzyme sites.  Not highlighted is the sequence of the gene.  Highlighted in purple is the 6X His 
tag.  Highlighted in green is the stop codon. 
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Figure S2 .  BLAST results of Zipper2.  A small excerpt of the BLAST results is shown.  Shown 
are the similarity between the Zipper2 sequence to sequences of proteins in sequence databases. 
The max score represents the statistical significance score that relates the similarity of Zipper2 to 












Figure S3.  Alignment of Zipper2 against the natural protein with the highest max score.  Clustal 
Omega was used.  The protein in comparison’s name is found at the top of figure followed by the 
sequence.  The CLUSTAL alignment shows the placement in the sequence where similarities, as 
well as differences are found.  The entire sequence is not shown due to low or no similarity, 
represented by dashed lines in the sequences.  When looking at the alignment, the third line 
shows a symbol figure.  This figure indicates where there was no similarity (blank), precise 
















Figure S4.  Alignment of Zipper2 against the protein with the highest identity percentage from 
the BLAST analysis.  Clustal Omega was used.  The protein in comparison’s name is found at 
the top of figure followed by the sequence.  The CLUSTAL alignment shows the placement in 
the sequence where similarities, as well as differences are found.  The entire sequence is not 
shown due to low or no similarity, represented by dashed lines in the sequences.  When looking 
at the alignment, the third line shows a symbol figure.  This figure indicates where there was no 



















Figure S5.  2º structure prediction of Zipper2.  PSIPRED was used.  The first row shown is the 
confidence interval.  The next 2 rows represent the prediction of the 2º structure, denoted 2 ways.  











Figure S6.  Zipper2 pET24a(+) plasmid map.  The plasmid contains the Zipper2-6X His 
Sequence flanked by the restriction enzyme sites BamHI and EcoRI.  The gene is preceded by a 
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Figure S7.  Propensity analysis of Zipper2.  Socket propensities were obtained from 
http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  Column 1 on the left-hand side 
represent each individual socket of the sequence.  Column 2-21 are all the possible amino acids 
that could act as a knob and the probability of each packing into the respective socket.  Column 
22 and 23 are the relative frequency of the respective socket being filled or free.  The last 
column, column 24, is the total propensity for the particular socket. 
 
Socket W P G Y F V I L A E K R Q D S T N M H C Filled Free Total
1 : W:KE 0 0 0 0 0.12 0.25 0 0.25 0 0 0.12 0.12 0 0 0.12 0 0 0 0 0 0.22 0.78 0.53
1 : WK:E 0.17 0 0.17 0 0 0 0 0 0.33 0 0 0 0 0.17 0 0 0 0 0.17 0 0.12 0.88 0.73
2 : K:ES 0 0 0 0.07 0.07 0.14 0 0.14 0 0 0.07 0.21 0 0.07 0 0.14 0.07 0 0 0 0.1 0.9 2.05
2 : KA:S 0.06 0.04 0.08 0.04 0.12 0.02 0.13 0.13 0.08 0.04 0 0.02 0.04 0.06 0.04 0 0.04 0.04 0.02 0.02 0.3 0.7 2.54
3 : A:SE 0.09 0.09 0 0.17 0.06 0.09 0 0.06 0.06 0 0.17 0.14 0 0 0.06 0 0.03 0 0 0 0.24 0.76 2.18
3 : AK:E 0.04 0.04 0 0.12 0.12 0.1 0.06 0.13 0.06 0 0.06 0.07 0.04 0 0.04 0.05 0.02 0.02 0.02 0 0.21 0.79 5.89
4 : K:EQ 0 0 0 0 0.08 0.08 0 0.15 0 0.08 0.15 0.15 0 0.08 0.08 0.08 0 0.08 0 0 0.06 0.94 2.98
4 : KE:Q 0.08 0 0.08 0 0 0 0.15 0.15 0.08 0 0.08 0 0.15 0 0 0 0 0.15 0 0.08 0.05 0.95 3.65
5 : E:QA 0.04 0.07 0.04 0.06 0.07 0.06 0.06 0.14 0 0.01 0.09 0.12 0.01 0.03 0.01 0.06 0.04 0.03 0.04 0 0.21 0.79 4.9
5 : ES:A 0.02 0.06 0.03 0.08 0.03 0.11 0.11 0.11 0.09 0.05 0.05 0.03 0 0.05 0.03 0.06 0.02 0.05 0.03 0 0.37 0.63 2.58
6 : S:AK 0.03 0.01 0.08 0.05 0.15 0.07 0.11 0.11 0.13 0.04 0.01 0 0 0.05 0.01 0.01 0.07 0.05 0.01 0 0.38 0.62 2.89
6 : SE:K 0 0.03 0 0.14 0.03 0.03 0 0.14 0.03 0.07 0.1 0 0.03 0 0.17 0 0.07 0.14 0 0 0.12 0.88 3.67
7 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
7 : EQ:L 0.01 0.04 0.01 0.09 0.04 0.09 0.16 0.27 0.03 0 0.01 0.02 0.03 0 0.02 0 0 0.12 0.03 0.01 0.38 0.62 3.64
8 : Q:LE 0.03 0.02 0.01 0.1 0.12 0.12 0.12 0.16 0.07 0.01 0.03 0.06 0.04 0 0.02 0.04 0.01 0.02 0.02 0.01 0.39 0.61 6.14
8 : QA:E 0.03 0.04 0.02 0.11 0.06 0.06 0.07 0.11 0.06 0.01 0.07 0.1 0.05 0.02 0.02 0.04 0.04 0.06 0.04 0.02 0.32 0.68 5.3
9 : A:EQ 0 0.08 0 0.16 0 0.12 0.08 0.24 0.04 0.04 0.12 0.08 0 0 0 0 0 0.04 0 0 0.12 0.88 3
9 : AK:Q 0.04 0 0.04 0.04 0.02 0.09 0.07 0.16 0.09 0 0.02 0.11 0.02 0.02 0.07 0.11 0.02 0.02 0.02 0.02 0.31 0.69 2.18
10 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
10 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
11 : L:EA 0.04 0.02 0.02 0.05 0.09 0.09 0.11 0.29 0.06 0.01 0.04 0.06 0.01 0 0.02 0.03 0.03 0.03 0.01 0.02 0.62 0.38 7.76
11 : LE:A 0.03 0.01 0 0.07 0.09 0.14 0.15 0.24 0.03 0.02 0.03 0.03 0.01 0 0.01 0.03 0.02 0.04 0.03 0.01 0.61 0.39 8.01
12 : E:AA 0.03 0.02 0.03 0.11 0.07 0.13 0.1 0.1 0.05 0.06 0.04 0.09 0.01 0 0.01 0.06 0.02 0.03 0.03 0 0.31 0.69 10.61
12 : EQ:A 0.02 0.12 0 0.07 0.09 0.06 0.07 0.22 0.04 0.04 0.05 0.01 0.07 0.05 0.02 0 0.05 0 0.01 0.01 0.24 0.76 5.31
13 : Q:AQ 0.04 0.04 0.04 0.07 0.05 0.16 0.15 0.15 0.04 0.04 0 0.02 0.07 0 0.05 0.02 0 0.02 0.05 0 0.29 0.71 2.83
13 : QE:Q 0.09 0 0 0.18 0 0 0.09 0.09 0 0 0.09 0 0.18 0.09 0 0.09 0 0 0.09 0 0.06 0.94 2.7
14 : E:QL 0.04 0.03 0 0.12 0.05 0.04 0.08 0.26 0.04 0.04 0.07 0 0.03 0.01 0.05 0 0.01 0.1 0.01 0 0.28 0.72 3.92
14 : EA:L 0.03 0.05 0.01 0.05 0.09 0.11 0.13 0.28 0.08 0 0.03 0.02 0.01 0 0.01 0.04 0 0.03 0.01 0.01 0.66 0.34 9.77
15 : A:LR 0.02 0.03 0.02 0.07 0.09 0.15 0.13 0.25 0.1 0.02 0.01 0.02 0.01 0 0.01 0.05 0 0.02 0 0.01 0.67 0.33 9.2
15 : AA:R 0.04 0.03 0.07 0.07 0.1 0.12 0.05 0.13 0.06 0.08 0.01 0.03 0.02 0.07 0.01 0.03 0.01 0.04 0.01 0.01 0.39 0.61 5.57
16 : A:RQ 0.05 0.05 0.03 0.08 0.13 0.05 0.05 0.11 0.03 0.05 0 0.05 0 0.16 0 0 0.05 0.11 0 0 0.2 0.8 2.82
16 : AQ:Q 0.02 0.04 0.02 0.02 0 0.08 0.12 0.18 0.25 0.04 0.04 0.08 0.04 0 0.02 0.04 0 0.02 0 0 0.29 0.71 2.58
17 : Q:QE 0 0 0.33 0.11 0.11 0 0 0.11 0 0 0 0.22 0 0 0 0 0 0 0.11 0 0.06 0.94 2.33
17 : QL:E 0.07 0.02 0.02 0.12 0.07 0.11 0.05 0.19 0.01 0.01 0.12 0.1 0.01 0 0 0.02 0.01 0.03 0.03 0.02 0.31 0.69 4.87
18 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
18 : LR:L 0.03 0.02 0.01 0.02 0.09 0.13 0.15 0.33 0.07 0.02 0 0 0.01 0 0.01 0.02 0.01 0.05 0 0.02 0.78 0.22 10.09
19 : R:LS 0.05 0.01 0.02 0.13 0.11 0.1 0.18 0.18 0.06 0.02 0 0.01 0.01 0.01 0.01 0.03 0 0.06 0 0.01 0.49 0.51 3.47
19 : RQ:S 0.06 0 0.06 0.12 0 0 0.06 0.06 0 0.31 0 0 0.06 0 0 0.12 0 0.12 0 0 0.18 0.82 1.29
20 : Q:SK 0 0.08 0 0 0 0.08 0 0.17 0.08 0.17 0 0.25 0.08 0 0 0.08 0 0 0 0 0.15 0.85 1.22
20 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
21 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
21 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
22 : L:LK 0.04 0.02 0.01 0.07 0.11 0.13 0.15 0.27 0.05 0.01 0.01 0.01 0.01 0 0 0.03 0.01 0.03 0.02 0.01 0.75 0.25 11.28
22 : LS:K 0.04 0.04 0.06 0.17 0.09 0.11 0.06 0.13 0 0.11 0.02 0 0 0.02 0.02 0.02 0.04 0.02 0.04 0 0.3 0.7 2.3
23 : S:KQ 0.1 0 0.2 0 0 0.1 0.1 0.2 0.1 0.1 0 0.1 0 0 0 0 0 0 0 0 0.09 0.91 1.71
23 : SK:Q 0 0.08 0 0.15 0 0 0.23 0.15 0.08 0.08 0 0.08 0 0 0 0 0.08 0.08 0 0 0.19 0.81 1.02
24 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
24 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
25 : L:EI 0.06 0.01 0.03 0.05 0.09 0.11 0.13 0.25 0.1 0.01 0.07 0.04 0.01 0 0 0.02 0.01 0.02 0 0 0.7 0.3 6.09
25 : LK:I 0.04 0.02 0 0.06 0.11 0.11 0.14 0.35 0.06 0.01 0 0.01 0.01 0.01 0 0.03 0.01 0.03 0.01 0.01 0.78 0.22 6.46
26 : K:IS 0.04 0.05 0 0.05 0.02 0.14 0.05 0.23 0.11 0.07 0.04 0 0 0.02 0 0.04 0.05 0.07 0.04 0 0.42 0.58 2.02
26 : KQ:S 0 0 0 0.11 0 0.11 0 0 0 0 0.11 0.11 0 0.22 0.11 0 0.11 0 0.11 0 0.1 0.9 1.32
27 : Q:SA 0.03 0 0.03 0.06 0.16 0.06 0 0.28 0.03 0.06 0.09 0.03 0.03 0 0.03 0.03 0.03 0 0.03 0 0.32 0.68 1.47
27 : QE:A 0.04 0.02 0 0.04 0.09 0.15 0.04 0.09 0 0.09 0.04 0.11 0.04 0 0.02 0.11 0 0.06 0.02 0.04 0.2 0.8 3.55
28 : E:AL 0.05 0.03 0.02 0.05 0.14 0.09 0.13 0.21 0.07 0.01 0 0.06 0 0 0.02 0.02 0.01 0.05 0.04 0.01 0.39 0.61 9.99
28 : EI:L 0.03 0.03 0.01 0.07 0.08 0.09 0.11 0.31 0.06 0.01 0.03 0.02 0.01 0.01 0.01 0.03 0.01 0.04 0.02 0.01 0.78 0.22 6.75
29 : I:LK 0.03 0.03 0 0.06 0.15 0.14 0.21 0.19 0.06 0.01 0 0.01 0.01 0 0.01 0.03 0.01 0.05 0.01 0.01 0.78 0.22 7.04
29 : IS:K 0.02 0 0 0.14 0.04 0.12 0.04 0.16 0.04 0.1 0.02 0.02 0 0.16 0.06 0.04 0 0 0.02 0 0.32 0.68 2.26
30 : S:KS 0 0 0 0.17 0 0 0 0.17 0.17 0 0 0 0.17 0 0 0.17 0 0 0.17 0 0.06 0.94 1.59
30 : SA:S 0.02 0.04 0.11 0.07 0.04 0.13 0.04 0.02 0.04 0.13 0 0.07 0.04 0.02 0.04 0.05 0.05 0.04 0.02 0.05 0.36 0.64 2.24
31 : A:SK 0.09 0.03 0.03 0.09 0.09 0.03 0.03 0.12 0.09 0.03 0.12 0.06 0.03 0.03 0.03 0.06 0 0.03 0 0 0.25 0.75 1.94
31 : AL:K 0.02 0.03 0.01 0.06 0.11 0.11 0.15 0.27 0.07 0.01 0.02 0.02 0.01 0.03 0.01 0.02 0.01 0.03 0.01 0.01 0.44 0.56 5.92
32 : L:KV 0.04 0.03 0 0.06 0.1 0.06 0.24 0.27 0.07 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0 0.01 0.66 0.34 4.17
32 : LK:V 0.06 0.02 0.01 0.08 0.11 0.16 0.12 0.28 0.02 0.02 0.01 0.01 0 0.02 0 0.02 0 0.04 0.01 0 0.73 0.27 5.3
33 : K:VE 0.05 0.03 0.01 0.11 0.09 0.14 0.07 0.18 0.04 0.04 0.02 0.03 0.04 0.01 0.04 0.03 0.01 0.05 0.01 0.01 0.36 0.64 6.78
33 : KS:E 0 0.11 0 0.19 0 0 0 0.04 0 0.04 0.04 0.15 0.07 0.04 0 0.19 0.07 0 0.07 0 0.13 0.87 3.12
34 : S:EQ 0 0 0.2 0.1 0.1 0 0 0 0.2 0 0 0.1 0.1 0 0.1 0 0 0 0.1 0 0.12 0.88 1.22
34 : SK:Q 0 0.08 0 0.15 0 0 0.23 0.15 0.08 0.08 0 0.08 0 0 0 0 0.08 0.08 0 0 0.19 0.81 1.02
35 : K:QL 0 0.02 0 0.13 0.06 0.04 0.06 0.21 0.11 0.06 0.02 0.06 0 0.02 0.04 0.09 0.02 0 0.02 0.02 0.25 0.75 2.78
35 : KV:L 0.01 0.03 0.01 0.07 0.09 0.1 0.12 0.28 0.06 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.08 0.04 0.02 0.73 0.27 3.84
36 : V:LQ 0.04 0.03 0.01 0.05 0.14 0.08 0.18 0.21 0.06 0.02 0.01 0.01 0.03 0 0.02 0.05 0.01 0.04 0.02 0.01 0.75 0.25 3.76
36 : VE:Q 0 0.12 0.03 0.09 0.09 0.06 0.09 0.09 0.06 0.03 0.09 0.06 0.03 0 0.03 0.03 0.03 0.06 0 0 0.22 0.78 2.27
37 : E:QA 0.04 0.07 0.04 0.06 0.07 0.06 0.06 0.14 0 0.01 0.09 0.12 0.01 0.03 0.01 0.06 0.04 0.03 0.04 0 0.21 0.79 4.9
37 : EQ:A 0.02 0.12 0 0.07 0.09 0.06 0.07 0.22 0.04 0.04 0.05 0.01 0.07 0.05 0.02 0 0.05 0 0.01 0.01 0.24 0.76 5.31
38 : Q:AQ 0.04 0.04 0.04 0.07 0.05 0.16 0.15 0.15 0.04 0.04 0 0.02 0.07 0 0.05 0.02 0 0.02 0.05 0 0.29 0.71 2.83
38 : QL:Q 0 0.04 0.01 0.07 0.06 0.06 0.1 0.24 0.09 0.01 0 0.01 0.06 0.03 0.01 0.03 0.06 0.07 0 0.01 0.32 0.68 3.07
39 : L:QL 0.04 0.04 0 0.03 0.07 0.11 0.15 0.32 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.06 0.02 0.01 0.7 0.3 7.33
39 : LQ:L 0.03 0.04 0.02 0.04 0.1 0.09 0.14 0.3 0.05 0.02 0.01 0.01 0.03 0.01 0.01 0.03 0.01 0.04 0.01 0.02 0.71 0.29 6.78
40 : Q:LQ 0.06 0.04 0.01 0.12 0.1 0.12 0.12 0.15 0.05 0.04 0 0.04 0.05 0.01 0 0.05 0.01 0.01 0 0.02 0.45 0.55 3.67
40 : QA:Q 0 0.02 0.02 0.14 0.06 0.09 0.03 0.19 0.05 0.06 0.03 0.06 0.05 0 0.06 0.05 0 0.03 0.02 0.05 0.29 0.71 3.27
41 : A:QK 0 0 0.11 0.06 0.06 0.11 0.22 0.06 0.17 0.06 0 0 0 0.06 0 0 0.06 0.06 0 0 0.09 0.91 2.86
41 : AQ:K 0.07 0.05 0 0.07 0.07 0.12 0.15 0.02 0.23 0.05 0 0 0 0.07 0.03 0 0.05 0.02 0.02 0 0.26 0.74 3.47
42 : Q:KL 0.04 0.06 0.01 0.12 0.1 0.07 0.04 0.18 0.06 0.03 0.01 0.03 0.04 0 0 0.01 0 0.12 0.01 0.03 0.3 0.7 3.31
42 : QL:L 0.02 0.03 0.01 0.05 0.15 0.1 0.16 0.3 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.05 0.01 0.01 0.75 0.25 7.54
43 : L:LE 0.05 0.02 0.01 0.09 0.09 0.13 0.16 0.25 0.03 0.01 0.03 0.05 0 0 0.01 0.02 0 0.02 0.02 0 0.69 0.31 12.13
43 : LQ:E 0.06 0 0.02 0.12 0.08 0.04 0.06 0.22 0.04 0 0 0.12 0.02 0 0.02 0.08 0.06 0.02 0 0.02 0.25 0.75 2.89
44 : Q:EA 0.07 0 0.02 0.07 0.05 0.11 0.11 0.23 0 0.02 0.05 0.14 0 0 0.02 0.02 0.02 0.04 0.04 0.02 0.23 0.77 3.65
44 : QK:A 0.02 0.05 0.03 0.09 0.09 0.12 0.22 0.16 0.07 0.05 0.02 0.02 0 0.02 0 0 0.02 0.02 0 0.02 0.29 0.71 3
45 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
45 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
46 : L:ER 0.03 0 0 0.14 0.08 0.03 0.12 0.24 0.03 0.02 0.07 0.1 0.02 0.02 0 0.02 0.02 0.03 0.02 0.02 0.27 0.73 3.29
46 : LE:R 0.06 0.03 0.01 0.11 0.13 0.04 0.14 0.13 0.04 0.1 0.01 0.03 0.03 0.01 0.03 0.05 0.01 0.03 0.01 0 0.28 0.72 8.22
47 : E:RN 0.06 0 0.06 0.22 0.06 0.06 0.11 0.11 0 0.06 0.06 0 0.06 0 0.06 0 0.06 0 0.06 0 0.09 0.91 2.97
47 : EA:N 0.06 0.01 0.03 0.14 0.03 0.03 0.1 0.07 0.04 0 0 0 0.12 0 0.01 0.06 0.1 0.19 0.01 0 0.29 0.71 3.73
48 : A:NQ 0 0 0 0 0.11 0 0 0.22 0 0 0 0 0.22 0 0.22 0 0 0.11 0 0.11 0.16 0.84 0.86
48 : AE:Q 0 0.11 0 0.09 0.11 0.06 0.04 0.23 0 0.02 0.02 0.06 0.06 0.02 0.04 0.02 0 0.02 0.09 0 0.17 0.83 4.07
49 : E:QQ 0 0.11 0.06 0.06 0 0 0.06 0.17 0.06 0 0.06 0 0.06 0 0.11 0 0.11 0.17 0 0 0.09 0.91 3.09
49 : ER:Q 0 0.09 0.05 0.09 0.05 0.09 0.09 0.27 0 0 0.05 0 0 0.09 0 0.05 0 0.09 0 0 0.09 0.91 3.46
50 : R:QL 0.01 0.01 0.01 0.01 0.08 0.15 0.13 0.24 0.04 0.08 0.04 0.03 0.03 0.01 0.01 0.03 0.03 0.03 0.01 0.01 0.32 0.68 3.47
50 : RN:L 0 0 0.03 0.1 0.1 0.07 0.1 0.17 0.03 0 0 0.17 0.03 0.03 0.07 0.03 0.03 0.03 0 0 0.33 0.67 1.35
51 : N:LR 0.02 0.09 0.04 0.07 0.09 0.16 0.09 0.18 0.02 0.04 0 0 0 0.02 0.07 0.02 0.04 0 0.04 0 0.36 0.64 1.84
51 : NQ:R 0.1 0 0 0.1 0.2 0.1 0 0.1 0.1 0.2 0 0 0 0 0.1 0 0 0 0 0 0.31 0.69 0.47
52 : Q:RY 0.12 0 0 0.04 0.27 0.19 0.04 0.23 0 0.04 0 0 0 0.04 0 0.04 0 0 0 0 0.42 0.58 0.92






Nucleotide and Amino Acid Sequences of Zipper3.  Highlighted in yellow are the restriction 
enzyme sites.  Not highlighted is the sequence of the gene.  Highlighted in purple is the 6X His 
tag.  Highlighted in green is the stop codon. 
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Figure S8.  BLAST results of Zipper3.  A small excerpt of the BLAST results is shown.  Shown 
are the similarity between the Zipper2 sequence to sequences of proteins in sequence databases. 
The max score represents the statistical significance score that relates the similarity of Zipper2 to 













Figure S9.  Alignment of Zipper3 against the natural protein with the highest max score.  Clustal 
Omega was used.  The protein in comparison’s name is found at the top of figure followed by the 
sequence.  The CLUSTAL alignment shows the placement in the sequence where similarities, as 
well as differences are found.  The entire sequence is not shown due to low or no similarity, 
represented by dashed lines in the sequences.  When looking at the alignment, the third line 
shows a symbol figure.  This figure indicates where there was no similarity (blank), precise 











Figure S10.  Alignment of Zipper3 against the protein with the highest identity percentage from 
the BLAST analysis.  Clustal Omega was used.  The protein in comparison’s name is found at 
the top of figure followed by the sequence.  The CLUSTAL alignment shows the placement in 
the sequence where similarities, as well as differences are found.  The entire sequence is not 
shown due to low or no similarity, represented by dashed lines in the sequences.  When looking 
at the alignment, the third line shows a symbol figure.  This figure indicates where there was no 













Figure S11.  2º structure prediction of Zipper3.  PSIPRED was used.  The first row shown is the 
confidence interval.  The next 2 rows represent the prediction of the 2º structure, denoted 2 ways.  












Figure S12.  Zipper3 pET24a(+) plasmid map.  The plasmid contains the Zipper3-6X His 
Sequence was flanked by the restriction enzyme sites BamHI and EcoRI.  The gene is preceded 
by a T7 promotor.  The plasmid contains a kanamycin resistance. 
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Figure S13.  Propensity analysis of Zipper3.  Socket propensities were obtained from 
http://tsailab.chem.pacific.edu/helix-socket-prediction.html.  Column 1 on the left-hand side 
represent each individual socket of the sequence.  Column 2-21 are all the possible amino acids 
that can act as a knob and the probability of each packing into the respective socket.  Column 22 
and 23 are the relative frequency of the respective socket being filled or free.  The last column, 
column 24, is the total propensity for the particular socket. 
 
Socket W P G Y F V I L A E K R Q D S T N M H C Filled Free Total
1 : W:QE 0 0 0 0 0 0 0.33 0 0 0 0 0.33 0 0 0.33 0 0 0 0 0 0.17 0.83 0.27
1 : WQ:E 0.2 0 0.2 0 0.2 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0.2 0 0.14 0.86 0.55
2 : Q:EL 0.03 0.03 0.02 0.1 0.11 0.07 0.11 0.25 0 0.01 0.04 0.08 0 0.02 0 0.05 0.03 0.01 0.06 0 0.33 0.67 4.65
2 : QK:L 0.03 0.01 0.01 0.07 0.12 0.09 0.18 0.37 0.03 0.03 0.01 0 0 0.01 0.01 0 0 0 0 0 0.48 0.52 2.06
3 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
3 : KQ:E 0 0 0 0.12 0.12 0.12 0 0.12 0.12 0 0.12 0.12 0 0.12 0 0 0 0 0 0 0.03 0.97 3.55
4 : Q:EK 0 0 0 0.09 0.09 0.09 0.18 0 0 0 0.09 0.09 0 0 0.09 0.09 0.09 0.09 0 0 0.05 0.95 3
4 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
5 : E:KQ 0 0 0 0.14 0.07 0 0 0.07 0 0 0.07 0.14 0 0.07 0.14 0.21 0 0 0 0.07 0.04 0.96 4.82
5 : EL:Q 0.03 0.07 0 0.06 0.1 0.07 0.1 0.21 0.07 0.02 0.05 0.02 0.02 0 0.02 0.06 0.02 0.04 0.03 0.01 0.33 0.67 5.57
6 : L:QK 0.07 0.02 0 0.12 0.02 0.02 0.2 0.2 0.05 0.07 0.05 0.02 0.05 0 0.05 0 0.02 0 0 0.02 0.27 0.73 2.26
6 : LE:K 0.04 0.02 0 0.16 0.06 0.07 0.16 0.2 0.02 0.04 0.02 0.02 0.05 0.02 0.02 0.03 0.02 0.05 0.01 0 0.2 0.8 9.68
7 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
7 : EK:L 0.01 0 0.01 0.11 0.12 0.05 0.08 0.29 0.06 0.01 0 0 0.04 0 0.02 0.07 0.01 0.1 0.01 0.01 0.38 0.62 3.9
8 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
8 : KQ:E 0 0 0 0.12 0.12 0.12 0 0.12 0.12 0 0.12 0.12 0 0.12 0 0 0 0 0 0 0.03 0.97 3.55
9 : Q:EA 0.07 0 0.02 0.07 0.05 0.11 0.11 0.23 0 0.02 0.05 0.14 0 0 0.02 0.02 0.02 0.04 0.04 0.02 0.23 0.77 3.65
9 : QK:A 0.02 0.05 0.03 0.09 0.09 0.12 0.22 0.16 0.07 0.05 0.02 0.02 0 0.02 0 0 0.02 0.02 0 0.02 0.29 0.71 3
10 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
10 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
11 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
11 : LE:L 0.03 0.02 0 0.06 0.1 0.08 0.14 0.31 0.07 0 0.02 0.04 0.02 0.01 0.02 0.03 0.01 0.03 0.01 0.01 0.65 0.35 12.29
12 : E:LQ 0.11 0.03 0.03 0.09 0.08 0.12 0.05 0.15 0.02 0 0.04 0.09 0.02 0.02 0.01 0.09 0.01 0.01 0.01 0 0.3 0.7 4.57
12 : EA:Q 0.07 0.01 0.01 0.06 0.08 0.14 0.12 0.19 0.04 0.01 0.01 0.03 0.03 0.01 0.01 0.03 0.05 0.04 0.05 0.01 0.27 0.73 5.45
13 : A:QK 0 0 0.11 0.06 0.06 0.11 0.22 0.06 0.17 0.06 0 0 0 0.06 0 0 0.06 0.06 0 0 0.09 0.91 2.86
13 : AE:K 0.05 0.02 0.01 0.1 0.12 0.12 0.08 0.13 0.05 0.05 0.04 0.01 0.05 0.06 0.03 0.05 0.02 0 0.02 0 0.22 0.78 8.28
14 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
14 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
15 : L:LK 0.04 0.02 0.01 0.07 0.11 0.13 0.15 0.27 0.05 0.01 0.01 0.01 0.01 0 0 0.03 0.01 0.03 0.02 0.01 0.75 0.25 11.28
15 : LQ:K 0.02 0.08 0 0.04 0.1 0.1 0.04 0.22 0 0.08 0.02 0.04 0.04 0.04 0 0.06 0.06 0.02 0.02 0.02 0.26 0.74 2.91
16 : Q:KA 0.02 0.02 0.02 0.12 0.17 0.1 0 0.15 0.05 0 0.07 0.05 0.02 0.05 0 0.02 0.07 0.05 0 0 0.2 0.8 3.1
16 : QK:A 0.02 0.05 0.03 0.09 0.09 0.12 0.22 0.16 0.07 0.05 0.02 0.02 0 0.02 0 0 0.02 0.02 0 0.02 0.29 0.71 3
17 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
17 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
18 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
18 : LK:L 0.02 0.02 0.01 0.08 0.11 0.14 0.15 0.27 0.06 0.01 0.01 0.01 0 0.01 0.02 0.02 0.01 0.04 0 0.02 0.75 0.25 10.52
19 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
19 : KA:E 0.04 0.02 0.04 0.19 0.09 0.04 0.08 0.08 0.04 0.02 0.05 0.07 0.03 0.02 0.06 0.03 0.03 0.04 0.04 0 0.23 0.77 10.33
20 : A:EK 0.02 0 0.02 0.2 0.07 0.07 0.07 0.07 0.05 0.02 0.11 0.09 0 0.02 0.02 0.02 0.02 0.02 0.07 0.02 0.1 0.9 6.66
20 : AE:K 0.05 0.02 0.01 0.1 0.12 0.12 0.08 0.13 0.05 0.05 0.04 0.01 0.05 0.06 0.03 0.05 0.02 0 0.02 0 0.22 0.78 8.28
21 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
21 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
22 : L:LK 0.04 0.02 0.01 0.07 0.11 0.13 0.15 0.27 0.05 0.01 0.01 0.01 0.01 0 0 0.03 0.01 0.03 0.02 0.01 0.75 0.25 11.28
22 : LE:K 0.04 0.02 0 0.16 0.06 0.07 0.16 0.2 0.02 0.04 0.02 0.02 0.05 0.02 0.02 0.03 0.02 0.05 0.01 0 0.2 0.8 9.68
23 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
23 : EK:L 0.01 0 0.01 0.11 0.12 0.05 0.08 0.29 0.06 0.01 0 0 0.04 0 0.02 0.07 0.01 0.1 0.01 0.01 0.38 0.62 3.9
24 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
24 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
25 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
25 : LK:L 0.02 0.02 0.01 0.08 0.11 0.14 0.15 0.27 0.06 0.01 0.01 0.01 0 0.01 0.02 0.02 0.01 0.04 0 0.02 0.75 0.25 10.52
26 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
26 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
27 : L:EK 0.08 0 0 0.08 0.06 0.12 0.23 0.06 0.04 0.04 0.08 0.1 0 0.02 0.02 0.02 0 0 0.02 0 0.17 0.83 4.23
27 : LE:K 0.04 0.02 0 0.16 0.06 0.07 0.16 0.2 0.02 0.04 0.02 0.02 0.05 0.02 0.02 0.03 0.02 0.05 0.01 0 0.2 0.8 9.68
28 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
28 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
29 : L:LK 0.04 0.02 0.01 0.07 0.11 0.13 0.15 0.27 0.05 0.01 0.01 0.01 0.01 0 0 0.03 0.01 0.03 0.02 0.01 0.75 0.25 11.28
29 : LE:K 0.04 0.02 0 0.16 0.06 0.07 0.16 0.2 0.02 0.04 0.02 0.02 0.05 0.02 0.02 0.03 0.02 0.05 0.01 0 0.2 0.8 9.68
30 : E:KA 0.04 0.07 0.01 0.1 0.09 0.08 0.05 0.12 0.06 0.03 0.06 0.07 0.02 0.01 0.04 0.03 0.03 0.02 0.06 0.02 0.17 0.83 10.8
30 : EK:A 0.02 0.06 0.06 0.1 0.08 0.14 0.1 0.16 0.03 0.03 0.08 0.02 0 0.01 0 0.06 0.01 0.02 0 0.01 0.21 0.79 6.25
31 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
31 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
32 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
32 : LK:L 0.02 0.02 0.01 0.08 0.11 0.14 0.15 0.27 0.06 0.01 0.01 0.01 0 0.01 0.02 0.02 0.01 0.04 0 0.02 0.75 0.25 10.52
33 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
33 : KA:E 0.04 0.02 0.04 0.19 0.09 0.04 0.08 0.08 0.04 0.02 0.05 0.07 0.03 0.02 0.06 0.03 0.03 0.04 0.04 0 0.23 0.77 10.33
34 : A:EK 0.02 0 0.02 0.2 0.07 0.07 0.07 0.07 0.05 0.02 0.11 0.09 0 0.02 0.02 0.02 0.02 0.02 0.07 0.02 0.1 0.9 6.66
34 : AE:K 0.05 0.02 0.01 0.1 0.12 0.12 0.08 0.13 0.05 0.05 0.04 0.01 0.05 0.06 0.03 0.05 0.02 0 0.02 0 0.22 0.78 8.28
35 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
35 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
36 : L:LK 0.04 0.02 0.01 0.07 0.11 0.13 0.15 0.27 0.05 0.01 0.01 0.01 0.01 0 0 0.03 0.01 0.03 0.02 0.01 0.75 0.25 11.28
36 : LE:K 0.04 0.02 0 0.16 0.06 0.07 0.16 0.2 0.02 0.04 0.02 0.02 0.05 0.02 0.02 0.03 0.02 0.05 0.01 0 0.2 0.8 9.68
37 : E:KQ 0 0 0 0.14 0.07 0 0 0.07 0 0 0.07 0.14 0 0.07 0.14 0.21 0 0 0 0.07 0.04 0.96 4.82
37 : EK:Q 0 0.04 0.04 0 0 0 0.24 0.24 0 0.08 0 0.08 0 0.04 0 0.04 0 0.2 0 0 0.09 0.91 4.1
38 : K:QE 0 0.12 0 0 0.12 0.12 0.12 0.06 0.12 0 0 0.12 0 0 0.06 0 0.06 0.06 0 0 0.05 0.95 4.35
38 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
39 : L:EL 0.03 0.02 0.01 0.05 0.08 0.13 0.15 0.23 0.09 0.01 0.05 0.05 0.01 0 0.01 0.03 0 0.03 0 0.01 0.72 0.28 12.13
39 : LK:L 0.02 0.02 0.01 0.08 0.11 0.14 0.15 0.27 0.06 0.01 0.01 0.01 0 0.01 0.02 0.02 0.01 0.04 0 0.02 0.75 0.25 10.52
40 : K:LE 0.04 0.01 0.01 0.12 0.1 0.11 0.16 0.19 0.05 0.02 0.04 0.03 0 0.01 0.03 0.03 0.02 0.03 0 0 0.41 0.59 10.73
40 : KQ:E 0 0 0 0.12 0.12 0.12 0 0.12 0.12 0 0.12 0.12 0 0.12 0 0 0 0 0 0 0.03 0.97 3.55
41 : Q:EK 0 0 0 0.09 0.09 0.09 0.18 0 0 0 0.09 0.09 0 0 0.09 0.09 0.09 0.09 0 0 0.05 0.95 3
41 : QE:K 0.07 0.14 0 0.14 0 0 0.07 0.21 0.07 0 0.07 0.14 0 0 0 0 0.07 0 0 0 0.06 0.94 3.55
42 : E:KL 0.02 0 0 0.15 0.1 0.08 0.12 0.2 0.03 0.02 0.02 0.09 0.07 0 0.04 0.01 0.01 0.03 0 0.03 0.18 0.82 9.57
42 : EL:L 0.04 0.03 0.01 0.06 0.11 0.1 0.12 0.28 0.06 0.01 0.03 0.02 0.01 0 0.01 0.02 0 0.04 0.02 0.02 0.73 0.27 12.85
43 : L:LQ 0.05 0.03 0 0.06 0.11 0.13 0.16 0.3 0.03 0.02 0.01 0.01 0.01 0 0.02 0.03 0 0.03 0 0.01 0.75 0.25 7.18
43 : LE:Q 0.02 0.07 0 0.06 0.13 0.13 0.17 0.17 0 0.02 0.02 0.07 0.06 0.06 0 0 0.02 0 0.02 0 0.21 0.79 3.83
44 : E:QA 0.04 0.07 0.04 0.06 0.07 0.06 0.06 0.14 0 0.01 0.09 0.12 0.01 0.03 0.01 0.06 0.04 0.03 0.04 0 0.21 0.79 4.9
44 : EK:A 0.02 0.06 0.06 0.1 0.08 0.14 0.1 0.16 0.03 0.03 0.08 0.02 0 0.01 0 0.06 0.01 0.02 0 0.01 0.21 0.79 6.25
45 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
45 : KL:E 0.06 0 0 0.18 0.09 0.15 0.15 0.17 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0 0.03 0.03 0 0.22 0.78 7.33
46 : L:EK 0.08 0 0 0.08 0.06 0.12 0.23 0.06 0.04 0.04 0.08 0.1 0 0.02 0.02 0.02 0 0 0.02 0 0.17 0.83 4.23
46 : LQ:K 0.02 0.08 0 0.04 0.1 0.1 0.04 0.22 0 0.08 0.02 0.04 0.04 0.04 0 0.06 0.06 0.02 0.02 0.02 0.26 0.74 2.91
47 : Q:KQ 0.06 0 0 0.25 0.06 0.06 0 0.06 0.06 0.12 0 0.06 0 0.06 0 0.06 0 0.12 0 0 0.11 0.89 2.11
47 : QA:Q 0 0.02 0.02 0.14 0.06 0.09 0.03 0.19 0.05 0.06 0.03 0.06 0.05 0 0.06 0.05 0 0.03 0.02 0.05 0.29 0.71 3.27
48 : A:QK 0 0 0.11 0.06 0.06 0.11 0.22 0.06 0.17 0.06 0 0 0 0.06 0 0 0.06 0.06 0 0 0.09 0.91 2.86
48 : AE:K 0.05 0.02 0.01 0.1 0.12 0.12 0.08 0.13 0.05 0.05 0.04 0.01 0.05 0.06 0.03 0.05 0.02 0 0.02 0 0.22 0.78 8.28
49 : E:KA 0.04 0.07 0.01 0.1 0.09 0.08 0.05 0.12 0.06 0.03 0.06 0.07 0.02 0.01 0.04 0.03 0.03 0.02 0.06 0.02 0.17 0.83 10.8
49 : EK:A 0.02 0.06 0.06 0.1 0.08 0.14 0.1 0.16 0.03 0.03 0.08 0.02 0 0.01 0 0.06 0.01 0.02 0 0.01 0.21 0.79 6.25
50 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79
50 : KQ:E 0 0 0 0.12 0.12 0.12 0 0.12 0.12 0 0.12 0.12 0 0.12 0 0 0 0 0 0 0.03 0.97 3.55
51 : Q:EA 0.07 0 0.02 0.07 0.05 0.11 0.11 0.23 0 0.02 0.05 0.14 0 0 0.02 0.02 0.02 0.04 0.04 0.02 0.23 0.77 3.65
51 : QK:A 0.02 0.05 0.03 0.09 0.09 0.12 0.22 0.16 0.07 0.05 0.02 0.02 0 0.02 0 0 0.02 0.02 0 0.02 0.29 0.71 3
52 : K:AE 0.03 0.03 0.04 0.1 0.07 0.13 0.12 0.2 0.06 0.02 0.03 0.04 0.01 0 0.02 0.05 0.01 0.02 0.01 0 0.39 0.61 8.79













Nucleotide and Amino Acid Sequences of Zipper2 in pUT18C and pKT25 Vectors.  Highlighted 
in yellow are the restriction enzyme sites.  Highlighted in cyan is the single nucleotide base 
inserted to have the gene in sequence in frame.  Not highlighted is the sequence of the gene.  
Highlighted in purple is the 6X His tag.  Highlighted in green is the stop codon. 
 
Zipper2 Construct Sequences 





















Figure S14.  Zipper2 pUT18C plasmid map.  The plasmid contains the Zipper2-6X His insert 
flanked by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper2 insert, is the 












Figure S15.  Zipper2 pKT25 plasmid map.  The plasmid contains the Zipper2-6X His insert 
flanked by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper2 insert, is the 












Nucleotide and Amino Acid Sequences of Zipper3 in pUT18C and pKT25 Vectors.  Highlighted 
in yellow are the restriction enzyme sites.  Highlighted in cyan is the single nucleotide base 
inserted to have the gene in sequence in frame.  Not highlighted is the sequence of the gene.  
Highlighted in purple is the 6X His tag.  Highlighted in green is the stop codon. 
 
Zipper3 Construct Sequences 




















Figure S16.  Zipper3 pUT18C plasmid map.  The plasmid contains the Zipper3-6X His insert 
flanked by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper3 insert, is the 










Figure S17.  Zipper3 pKT25 plasmid map.  The plasmid contains the Zipper3-6X His insert 
flanked by the restriction enzyme sites BamHI and EcoRI.  Upstream of the Zipper3 insert, is the 























Nucleotide and Amino Acid Sequences of cJun in pUT18C and pKT25 Vectors.  Below is the 
nucleotide sequence of the cJun gene and then translated into its amino acid sequence. 
 
cJun Construct Sequences 





















Figure S18.  cJun pUT18C plasmid map.  The plasmid contains the cJun insert flanked by the 
restriction enzyme sites BamHI and EcoRI.  Upstream of the cJun insert, is the sequence for 














Figure S19.  cJun pKT25 plasmid map.  The plasmid contains the cJun insert flanked by the 
restriction enzyme sites BamHI and EcoRI.  Upstream of the cJun insert, is the sequence for 













Nucleotide and Amino Acid Sequences of p21SNFT in pUT18C and pKT25 Vectors.  Below is 
the nucleotide sequence of the p21SNFT gene and then translated into its amino acid sequence. 
 
p21SNFT Construct Sequences 





















Figure S20.  p21SNFT pUT18C plasmid map.  The plasmid contains the p21SNFT insert flanked 
by the restriction enzyme sites BamHI and EcoRI.  Upstream of the p21SNFT insert, is the 
















Figure S21.  p21SNFT pKT25 plasmid map.  The plasmid contains the p21SNFT insert flanked 
by the restriction enzyme sites BamHI and EcoRI.  Upstream of the p21SNFT insert, is the 













Nucleotide and Amino Acid Sequences of CREB4 in pUT18C and pKT25 Vectors.  Below is the 
nucleotide sequence of the CREB4 gene and then translated into its amino acid sequence. 
 
CREB4 Construct Sequences 























Figure S22.  CREB4 pUT18C plasmid map.  The plasmid contains the CREB4 insert flanked by 
the restriction enzyme sites BamHI and EcoRI.  Upstream of the CREB4 insert, is the sequence 









Figure S23.  CREB4 pKT25 plasmid map.  The plasmid contains the CREB4 insert flanked by 
the restriction enzyme sites BamHI and EcoRI.  Upstream of the CREB4 insert, is the sequence 








Constructs With Specific Tags.  Every protein used is listed with the specific tag it had.  Gray 
boxes represent when a certain protein was attached to 1 tag but not its complement. 
 



























Figure S24.  BACTH results for interactions of the base zippers.  - galactosidase assays were 
done in triplicate.  Data was collected in Miller units and plotted against its respective construct.  
The data was averaged and graphed using GraphPad Prism 8.  The error bars represent the 
standard deviations.  Significance values are reported, where **** is p < 0.0001. 
 
 
Figure S25.  BACTH results for interactions of Zipper1 and its mutants (1/5).  - galactosidase 
assays were done in triplicate.  Data was collected in Miller units and plotted against its 
respective construct.  The data was averaged and graphed using GraphPad Prism 8.  The error 




















































































































Figure S26.  BACTH results for interactions of Zipper1 and its mutants (2-5/5).  - galactosidase 
assays were done in triplicate.  Data was collected in Miller units and plotted against its 
respective construct.  The data was averaged and graphed using GraphPad Prism 8.  The error 







































































































































































































































































































































































Figure S27.  BACTH results for interactions of Zipper2 and its mutants (1&2/7).  - 
galactosidase assays were done in triplicate.  Data was collected in Miller units and plotted 
against its respective construct.  The data was averaged and graphed using GraphPad Prism 8.  
The error bars represent the standard deviations.  Significance values are reported, where **** is 







































































































































































































































































































Figure S28.  BACTH results for interactions of Zipper2 and its mutants (3&4/7).  - 
galactosidase assays were done in triplicate.  Data was collected in Miller units and plotted 
against its respective construct.  The data was averaged and graphed using GraphPad Prism 8.  
The error bars represent the standard deviations.  Significance values are reported, where **** is 






























































































































































































































































































































































































Figure S29.  BACTH results for interactions of Zipper2 and its mutants (5&6/7).  - 
galactosidase assays were done in triplicate.  Data was collected in Miller units and plotted 
against its respective construct.  The data was averaged and graphed using GraphPad Prism 8.  
The error bars represent the standard deviations.  Significance values are reported, where **** is 






























































































































































































































































































































































































































































































Figure S30.  BACTH results for interactions of Zipper2 and its mutants (7/7).  - galactosidase 
assays were done in triplicate.  Data was collected in Miller units and plotted against its 
respective construct.  The data was averaged and graphed using GraphPad Prism 8.  The error 













































































































































































Figure S31.  BACTH results for interactions of Zipper3 and its mutants (1&2/4).  - 
galactosidase assays were done in triplicate.  Data was collected in Miller units and plotted 
against its respective construct.  The data was averaged and graphed using GraphPad Prism 8.  
The error bars represent the standard deviations.  Significance values are reported, where **** is 





































































































































































































































































































Figure S32.  BACTH results for interactions of Zipper3 and its mutants (3&4/4).  - 
galactosidase assays were done in triplicate.  Data was collected in Miller units and plotted 
against its respective construct.  The data was averaged and graphed using GraphPad Prism 8.  
The error bars represent the standard deviations.  Significance values are reported, where **** is 






















































































































































































































































































































































Figure S33.  BACTH results for interactions of cJun and ∆cJun.  - galactosidase assays were 
done in triplicate.  Data was collected in Miller units and plotted against its respective construct.  
The data was averaged and graphed using GraphPad Prism 8.  The error bars represent the 

































































































































































































Figure S34.  BACTH results for interactions of p21SNFT and ∆p21SNFT.  - galactosidase 
assays were done in triplicate.  Data was collected in Miller units and plotted against its 
respective construct.  The data was averaged and graphed using GraphPad Prism 8.  The error 






































































































































































































Figure S35.  BACTH results for interactions of CREB4 and ∆CREB4_H48Q.  - galactosidase 
assays were done in triplicate.  Data was collected in Miller units and plotted against its 
respective construct.  The data was averaged and graphed using GraphPad Prism 8.  The error 













































































































































































Figure S36.  BACTH results summary for the interactions of the base zippers.  The results are 
presented on a grid showing the specific tag per protein.  It shows whether or not the proteins on 
either axis interact.  The proteins that intersect and are colored blue show that they do interact, 
while yellow shows that they do not interact.   
 
 
Figure S37.  BACTH results summary for the interactions of Zipper1 and its mutants.  The 
results are presented on a grid showing the specific tag per protein.  It shows whether or not the 
proteins on either axis interact.  The proteins that intersect and are colored blue show that they do 



















































































Figure S38.  BACTH results summary for the interactions of Zipper2 and its mutants.  The 
results are presented on a grid showing the specific tag per protein.  It shows whether or not the 
proteins on either axis interact.  The proteins that intersect and are colored blue show that they do 






























































































Figure S39.  BACTH results summary for the interactions of Zipper3 and its mutants.  The 
results are presented on a grid showing the specific tag per protein.  It shows whether or not the 
proteins on either axis interact.  The proteins that intersect and are colored blue show that they do 






















































Figure S40.  BACTH results summary for the interactions of Zipper2 and Zipper3 and their 
respective mutants.  The results are presented on a grid showing the specific tag per protein.  It 
shows whether or not the proteins on either axis interact.  The proteins that intersect and are 




















































































































Figure S41.  BACTH results summary for the interactions of natural bZIP proteins and Zipper2 
and their respective mutants.  The results are presented on a grid showing the specific tag per 
protein.  It shows whether or not the proteins on either axis interact.  The proteins that intersect 
and are colored blue show that they do interact, while yellow shows that they do not interact.  
Interactions that were not tested are colored gray. 
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